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$P RE FACE

The purpose of Tisk 2 of the All-Weather Landixg Systems (AWLS)

project is to develop and implement a manned flight simulation program to

(1) investigatt terminal flight operations, emplasizing wind shear

effects, and (2) determine tie operational and technical role of head-up

displays. This interim report describes the results obtained by the AWLS

team--SRI, Bunker Ram' Corporation, and ColI.ins Avionics Group of

Rockwell International--on a validation test with a DC-1O-1O aircraft

simulator of the capabilities of certain aiding concepts to assint the

pilot in coping with low-level wind shear. The aids were based on air-

borne instrumentation. and the information was displayed on the instru-

ment panel. The aiding systems tested included approach management

techniques, go-around decision aids, and techniques for assisting the

t pilct during the go-around maneuver. The sponsoring organizations are

FAA Wind Shear Program Office and NRD-740; the Technical Monitor is

W.J. Cox.
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I INTRODUCTION

A. Program and Objectives

S"The FAA Wind Shear Program has the objectives of examining the

hazards associated with low-level wind shear, developing solutions to

the wind-shear problem, implementing the solutions, and integrating thou

into the National Airspace System. In support of this program, potential

solutions in the category of airborne equipme z are being investigated

by the All-Weather La.ding Systems (AWLS) team under Task 2 of a contract

from the FAA Approach and Landing Division. The Task 2 team consists

of SRI, Bunker Ramo Corporation (BR), and Collins Avionics Group of

Rockwell International.

The investigation has been concerned with airline transport jet air-

craft. The approach has been to give primary consideration to tile

lowest-cost candidate aiding concopts to ensure that any potential solu-

tion will be cost effective. The project task has included the design

and test of airplane control laws, the analysis of airplane responses 'o

wine shears, the development of wind models, the determination of the

hazard, wresented by various wind fields, and the development and test

of various . trumnts intended to aid the pilot in coping with wind
shear. The majo.'ty of the effort has been spent on a series of piloted

flight simulation tv,,ts. Table 1 summorlzes these simulation exercises

that have been spont ,red er the FAA Wind Shear Program. Except for

the most recent, these tLsts h1 e formally treated only the precision-
xI approach problem--i.e., approach ahd landing with full Instrument LandingSystem (ILS). The first tests, 1* we exploratory in nature; a DC-10

training simulator wa supplied and suppdted by Douglas Aircraft

Company, McDonnell-Douglas Corporation, und t subcontract. A similar

References are listed at the end of this report.
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exploratory study was conducted with a B-737 model in the Flight Simulator
- - -  for Advanced Aircraft (FSAA) at the National Aeronautics snd Space Admin-

istration's Ames Research Center. The aiding techniques showing the most

promise and potential cost effectiveness were tested in the Phase 2

exercise2 with a DC-10 model in the Douglas Moving-Base Development

Flight Simalator (MBDFS). In Autum of 1977 a Phase 3 test of DC-10 aid-

ing techniques was conducted in the Douglas MBDFS. This involved a set

of wind profiles significantly expanded over those used in earlier DC-1O

tests. Eight pilots took part in initial trials of candidate aiding

techniques, and an especially large group (26) of subject pilots parti-

,ipared In a "Full Trial" of the three most promising systems; in these

trials an aiding "system" incorporated ground speed information, flight

steering gtidance, a thrust control function and an automatic warning

(or advisory) that a go-around should be initiated. The overall perform-

ance was marginal; it would have been adequate if the subject pilots had

always chosen to honor the go-around advisories. However, the rate of

nuisance al-ms on the go-around warning was too high. Improvement of
the go-around decision aids was neded.3

The most recent exercise was the Phase 4 test of aiding systems.

It h., Just been completed at Douglas in the DC-10 MBDFS and is the sub-

ject of this report.

B. Test Outline

The major purpose of the DC-iO Phase 4 test was to measure the

effectiveness of the best wind-shear aiding concepts. The goal, of

course, was to show that there exists a cost-effective airborne system

that will solve the wind-shear problem.

The aiding concepts considered were those that had shown the most

promise in earlier trials. They "were refined rnd, in some cases, aug-

* mented to correct the deficiencies that had been k-x,osed. The scope of

the tests was extended to include takeoffs and non-precision approaches-

Si.e., approach and landing with ILS localizer (LOC) but without a glide-

slope beam. Table 2 shows the specific aiding techniques considered

3



Table 2[ AIDS AND SITUATIONS TESTED

Stto Precision Non-

Precision Takeoff
Approach Approach

Speed control: airspeed/ground speed X X

Modified (acceleration-augmented) X X
integrated flight director

Synthesized reference glide path X

Go-around advisory:
Acceleration margin X X

Microprocessor display X X

Modified go-around guidance for
maximum per fo' mance

Angle-of-attack display X X

Manual control for mximum perfor- X
mance

Winzd information in real time X X

and the simulated sltuat'.on% under which they were tested. Detailed

descriptions of the aids appear in a subsequent section of this report.

In earlier tests, approaches and landings had been simulated at a sea-

level runway; approaches in this test used a runway at an elevation of

5,300 feet, 95 F (9000feet density altitude) to timulAte orst-ca5e

conditions. Takeoffs were made from sea level. Another departure from

previous exercises was that subject pilots were asked to execute a go-

around when advised and according to the guidance providad; the perfor-

ance of the system was tiiatcd directly.

Test planning and engineering development work started in April

1978. On 10 May, a test plan was submitted to the FAA. A request for

proposal on sirulation support was sent to Douglas, who responded with

their proposal 78D-217; a subcontract was negotiated and Douglas started

work on 29 June. Coordination meetings were held in August. The FAA

4
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let a separate contract to Kollsman inatrument Company for the provision

of analog instruments. Specifications for sensors, instrument drive

signals, and go-around signals were sent tu Douglas in September. On

5 October, Collins delivered specifications for the modified flight

director steering and integrated thrust-cohand signals. Bunker IRawe

prepared briefing materials and evaluation questionnaires for the subject

pilots. Simulator checkouts started at Douglas on 6 November. The

microprocessor display was installed in the simulator on the 9th, and

Kollsman instrument was installed on the 13th. The weeks of 13-17

November and 27 Nove4ber-l December were used for checking out the instru-

ments, refining the control algorithms, and making final adjustwnts of

control parameters. The FW added briefing material, and SR recruited
Ell the subject pilots. Runs with subject pilots In the prec,esion approach

test were made on 11-12 December, 15-17 January, and 26 January; the

10 pilots made 200 familiarization and 150 test runs. Simulator and

instrument checkeut trials were huld on 4 January. The non-precisionF approach test was run in 8-12 January, the 10 subject pilots making 221

familiarization runs and 150 for test. The DC-10 simulator in takeoff

configuratior was checked out, takeoff control algorithms were installed

and adjusted, and infor"al takeoff trials were conducted by the three

project pilots on 22-25 January; this included 14 runs for familiariza-

tion and 60 for test.

Pcesentations of the results of the teatH and demonstration runs

oft the MBDFS were held for industry and government representatives in

March at Long Beach, California.

The FAA Wind Shear Program is under the supervision of Mr. H. Guice
Tinsley. Lt. Col. Larry Wood, U.S. Air Force and FAA, is the manager for

airborne systemB, took part in the pilot briefings, and was one of the

project pilots. Mr. W. Joc Cox was the FAA technical officer for this

effort.

The AWLS project supervisor in Mr. Dean F. Babcock (SRI). At SRI,

Dr. Wade 11. Foy is the project leader; Mr. Walter B. Gartner designed the
Y, test and was responsible for the evaluation of the results. Hr. Gordon
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K. Zunker (consultant) contributed to the test plan and other basic task

documents. Dr. A. C. McTee led the BR effort and was test director.

Capt. William 0. Nice and Col. Don M. Condra of BR were project pilots

and test observers, acting the role of first officer for the subject

pilot runs. At Collins, the work on the modified flight director

algorithms was supervised by Mr. Jim L. Foster; Mr. Dave Tiedman was

project engineer and sapp%.rted'the tests at Douglas. The Douglas team

was managed by Mr. John D. McDonnell, while Mr. Ernest Admiral was

responsible for simulator hardware and test integration and Mr. Paul

Jernigan was responsible for simulator software; many other Douglas

personnel supported the simulation activities or did duty as test pilots

for checkout and trial runs. The successful completion of the tests was

dependent on the active and cooperative spirit of all these members of

the task team.

The pilots who acted as subjects for the test runs are listed in

Table 3. They bclude 13 from the airlines, 3 from air transport manu-

facturers, 2 from the Air Force, and 2 from FAA. All contribatted their

time and expertise without remuneration from the project; their profes-

sional competence and dedication had much to do with the success of the

simulation effort.

C. .Organization of R eoort

"'he revort is organized to describe the three tests and to give

their results in detail. The section that follows gives the simulator

ctaffuration and the wind condtons progratmed in the simulation com-
~uter. The various aiding techniques, control algveithms, and informe-

w tion displays are discussed in Section 111. CombinacLons of these made

~up the toind-shear aiding systems tested. Section TV through VI describe
~the separate, tests: precision approach, non-preciulon approach, and

takeoff. The conclusions drawn from the test results and our recon-

mandations to the FAA are presented in Section VII. Various technical

Jetails, including a description of the microprocessor display, can be

£ found in the appendices.

6
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Table :3

SUBJECT PILOTS

Precislon Approach Test

Jack L. Brown United Air Lines

Jerry Frederickson Northwest Airlines

J. R. Gannett Boeing Flight Test

R. F. lanna American Airlines

Thomas Imrlch FAA, AFS-203

R. J. Levendoski FAA, AFS-203

R. 0. Nelsen Continental Air Lines

R. E. "Dick" Norman National Air Lines

B. H. Richards Continental Air Litres

W. R. Sonneman Trans World Airlines

Non-Precision Approach Test

William A. Brown Pan American Airlines

Lt. Col. Willian A. Browning U.S. Air Force, 4950 Test Wing

D. E. Cloud American Airlines

Ralph C. Cokeley Lockheed Aircraft Corporation

Maj. Paul C. Connors U.S. Air Force, 4950 Test Wing

Don DeBolt Northwest Airlines

H. Ray Lahr Air Line Pilots Association

Sam S. Miller United Air Lines

Ivan 1. Shimon American Airlines

W. David Wiebracht Douglas Aircraft Company
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II SIMULATION

A. DC-10 Simulator

The Douglas MBDFS, shown in Figure 1, consisot of a modified DC-1O

cockpit mounted on a six-degree-of-freedom moving base. A Redifon Vis-

ual system is used to represent the external vistal scene. Programs

for data acquisition and DC-10 equations of motion are mechanized on a

Sigma-5 hybrid computer. The simulation vas modified to include speci-

fied wind-shear and turbulence models. Cockpit instrument panels were

reconfigured to include the axporimental displays.

The modified DC-lO cockpit contains Captain, First Officer, and

Instructor stations. The Instructor station, located aft of the Captain's

station, was equipped for selection of test conditions, and control of

mission start, reset, and position freeze. Subject pilots flew simulated

approach or takeoff sequences from the Captain's station with the basic

configuration shown in Figure 2. All flight controls, flight instru-

ments, guidance systems, and aircraft subsystems necessary for the per-

formance of this study were provided at the Captain and First Officer

stations. Except for experimental displays, installed cockpit equipment

conformed with standard DC-10 aircraft equipment.

The Sigma-5 provides program control of data collection and of

simulated aerodynamic response, winds, and turbulence, with appropriate

parameter values obtained from lookup tables. Wind profiles and turbu-

lence conditions represented in the simulation were noted during each

simulator run, and were shown together with aircraft variables of interest

on a multichannel strip-chart recorder; at the end of each run a "quick

look" summary was provided by output on the computer line printer.

The external visual scene is generated by a Redifon rigid model

system with a scale factor of 750 to 1. The visual scene is represented

by a 620-line color television image, and is displayed by high-resolution

9
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monitors viewed through a ,pecial Douglas Aircraft assytmetric lens. The

Captain and First Officer stations are each equipped with a separate

monitor and lens. The visual system has a maximum approach distance of

2.25 miles and an eye altitude range of 725 feet to 15 feet. Approaco

and strobe lighting are realistically simulated under variable ceiling

and runway visual range (RVR) conditions.

The simulator has six degrees of freedom, provided by a six-Jack

(Franklin Institute) motion base. Motion is controlled from a ground

control station locat&d adjacent to the cockpit/platform. Motion capa-

bility is summarized in Table 4.

Table 4

SIMULATOR MOTION LIMITS

Velocity Acceleration

Axis Excursion Payload Payload Payload Payload
20,000 lb 3,600 lb 20,000 lb 3,000 lb

Heave !42 in. i39 in./s ±40.5 in./s ±1.65 g ±1.65 g

Sway ±67.5 in. !67 in./s ±72,3 in./s ±1.43 g ±2.25 g

Surge 165 in. ±71 in./s 171.6 in./s i1.50 g !2.6 g

Roll ±30.7 °  -35.6*/s ±36.2*/s i7.8 rad/s 2  4±7.8 rad/s 2

Pitch 133.3" i33.6*/s ±32.01Is 17.8 rad/s 2  ±7.8 rad/s2

Yaw ±38.7* !36.3/s 140.3*/s 17.9 rad/s2  ±7.8 rad/s2

Equations of motion for the DC-10 series aircraft provided continuous

flight simulation over the low-speed flight envelope. Table lookup

functions were used for nonlinear aerodynamic data svch as lift, drag,

rolling, yawing, and pitching moments. Ground effects on aerodynamic

coefficients were simulated over the entire flap range. Nonlinear

lateral control spoilers were included. Control surfaces were simulated

as either first- or second-order systems, with dead zones and position

limits included for all surfaces.

12



B. Wind Profiles

Wind profiles selected for use in the simulator tests represent threeFbroad classes of meteorological conditions commonly recognized as signifi-
cant producers of low-level wind shear:

(1) Atmospheric boundary conditions

(2) Frontal systems

(3) Thunderstorms.

Wind data came from tower measurements, accident reconstructions,

and meteorological math models; the data for each condition were converted

to a three-dimensional wind field programmed as a function of altitude

and longitudinal position. A number of different wind profiles were

produced from each wind field ) y vnrying the runway position relative to

each wind field and, where applicable, by varying the parameters of the

wind model. Potentially hazardous wind profiles were identified and

sorted into three level.s of severity by observing Lhe responses of a

fast-time computer model of the DC-1O piloted by an idealized controller

algorithm. Ten wind models were selected for the approach and landing

tests; these were the same winds as those used in the DC-10 advanced

tests of September-October 1977. An additional five models were chosen

for the takeoff runs In this test. Care was taken to maintain realism.

Some wind profiles for approach and landing, for example, were thunder-

storm models constructed during the investigations of actual accidents.

A useful and challenging profile for takeoff was constructed by taking

a thundersterm model and translating the storm center horizontally with

respect to the simulated runway until the winds encountered presented

hazardous conditions.

The development of the models and the process by which they were

classified as to severity are discussed in another report. For complete-

ness, the wind profiles and turbulence models are described in Appendix A.

A significant change from the 1977 tests was that the turbulence intens-

ities were reduced to half, for these validation te.cs. The effect was

to give a realtstic amount of turbulence without having it override the

wind shear.

13



Ill DESCRIPTION OF AIDS AND DISPLAYS

The simulated DC-1O airplane was controlled manually by the pilot

with reference to the flight director and other instruments, or to the

visual scene; the throttles were set manually. Cockpit procedures were

similar to those of normal airline operations, with the observer pilot

(playing the first officer role) giving the usual altitude, speed, and

sink-rate callouts. On approach, for example, the pilot "flew" on instru-

ments until visual breakout and completed the landing by visual reference.

If a "go-around" (or "missed-approach") was made, he activated the take-

off/go-around (TOGA) mode of the flight-director system, advanced the

throttles, and controlled the aircraft via the flight-director commands;

the first officer handled flaps and landing gear. The standard or "base-

line" system and procedures for flight management, both for approach and

labding and for takeoff, were a duplication of those recommended by

Douglas for conventional airline passenger operations. The baseline

system included only the conventional DC-1O instrumenta--flight-director

drive sigoals and displays. Throttle management was normal, intended to

maintain the preselected indicated airspeed. The instruments for all

techniques were driven from the simulator computer by the sensor models

described in Appendix B.

The "systems" tested for aiding the pilot in coping with low-level

wind shear included various adaitions or changes to the conventional DC-10

system. These additional aids are described in the following paragraphs.

A. Airspeed/Ground Speed Technique

Previous studiesl1 3 showed that a useful aid in wind shear is to

replace the conventional airspeed-error thrust management with a technique

designed to maintain both airspeed and ground speed (GNS). Given the

pilot's selected approach speed, Vapp, in terms of indicated airspeed,

we calculate a reference ground speed, GNSref, as follows:
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GNS ref T app WXgnd

where

TV - V converted to true airspeed (knots)
app app

WXn - hind component at ground, longitudinal, with headwind

positive (knots).

The aiding technique is to adjust the throttles so that the indicated

airspeed is at or above V and the ground speed is at or above GNS
app ref

The effect, when flying with a strong headwind that will disappear at

the ground, is to require an airspeed higher than normal (Va) as protec-
app

tion against the shear-out of the head wind.

In one display tested, this technique was implemented on the usual

round-dial airspeed indicator by driving a second needle, the Vine pointer,

to read GNS. Colored "bugs" were pocitioned on the edge to indicate

V and GNS This implementation with a dual-needle indicator was!app ref'

the same as that used in previous simulation tests.2

This airspead/groundspeed technique was also incorporated in a speed

coutmand on the flight director; see Section ll.F.

B. Acceleration Margin

An analog quantity designed to indicate when the airplane Is getting

into a hazardous situation with respect to longitudinal wind shear is its

acceleration mrgin, .1u, computed as:

iI
AAcap - L-Wl'l

WD - (TAS-GNS) - WXgnd

where

Acap - Acceleration capability of the airplane in level flight in
approach configuration (knots/s).

W~Xg ft Wind component at ground along runway, with headedgnd positive (kniots)

TAS - True airspeed of airplane (knots)

16I
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GNS - Ground speed of airplane (knots)

WD, -Wind difference (knocs)--difference between along-track wind
at present position and on the runway

It - Altitude of airplane CG above ground, positive up (feet)

- Rate of change of altitude with time, positive up (feet/u).

In this, Ac p is a constant for the approach and will depend on the

selected approach speed, the flap setting, the maximum engine thrtst

available, the drag, the aircraft weight, and the air density; for

instance, values for the DC-10 at 350 kib, 500 flaps, nominal approach

speed, gear down, level flight, are:

Sea level, standard day 1.67 kt/s
9000 feet, standard day 1.00 kt/s

The term TAS .. GNS is approximately the longitudinal wind velocity at the

airplane, headwind positive, so WD is the wind difference or estimated

vind shear, the change in wind between airplane present position and the

ground; a decreasing headwind is a positive difference. The magnitude

of lit is the expected time in seconds to reach the ground, and A will he

negative for descent. Thus, the term I-WDIA/11 is the expected accelera-

tion demand due to longitudinal wind shear, with a decreasing headwind

for a descending aircraft giving a positive demand. If the demand

equals or exceeds Acap, AA becorees zero or negative and the situation is

potentially hazerdous.

Previous tests3 showed that the condition AA 4 0, if used as a

criterion for advising a go-around, produced too many nuisance alarms.

Analysis of the runs an6 preliminary trials in the DC-10 simulator indi-

cated that it would be useful to augment the algorithm. Let us compute

the difference. DA, between the wind change and the airspeed pad by:

DA - WD - (AS - Vapp)

where

IAS - Indicated airspeed (knots)

. Vapp " Selected approach speed (knots).

Then we implement a go-around advisory, closing the "switches" when the

indicated condition is "true," as follows:
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DA >8

turn on
- p-

WD 25 AA S 0 go-around
light

Thus, a go-around was advised, and a yellow "go-around AA" light on the

instrument panel was lit, if AA i 0 AND if IWD z 25 knots OR DA > 8 knots).

The effect is to inhibit the go-around advisory if either the wind dif-

ference (decreasing head wind) is less than 25 knots or the wind difference

is no more than 8 knots greater than the airspeed pad. The particular

values 8 and 25 knots were chosen empirically.

C. Mving-Tape Display

The simulated airplane can be "flown" by reference to the flight

director steering and Fast/Slow commands alone if there are no failures.

However, the pilot requires backup or ancillary information that supple-

ments and supports the flight director. This backup information is most

useful if it is displayed in a 4 ay that permits easy assessments of the

trends in time of the quantities. We expected that such a display that

included acceleration margin and angle of attack, in addition to the

standard information (airspeed, altitude, vertical rate), would be effec-

tive if the information could bo displayed in the comparatively small

area of the instrument panel normally scanned by the pilot. Therefore

the FAA technical monitors designced the moving-tape display shown in

Figure 3. The 3-tape instruments, Kollsman model AVK-16/A 24G10, were

borrowed from the USAF Flight Dynamics Laboratory and were modified by

Kollsman Instrument Company on a separate FAA contract. The right and

middle tapes show indicated airspeed and ground speed. The left tare

reads out the negative of the acceleration demand (see p. 17) scaled by

2 (i.e., -2 on the tape corresponds to +1 knot/s of acceleration

demand). The solid-color strip (red) on the negative region ends at the

18
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corresponding value of aircraft acceleration capability; thus, if the

tape shows the indicator line in the solid strip, the acceleration demand

is greater that the capability, AA is negative, and a go-around may be

advisable. A positive reading (above zero) on this tape indicates a

performance-increasing condition (potential airspeed gain) ahead of the

aircraft. A negative reading (below zero) indicates that a performance-

decreasing condition (potential airspeed loss) will be encountered. As

the figuro shows, this instrument, when used, was mounted to the left of

the flight director in the position usually occupied by the normal air-

speed indicator. The moving-tape displays were installed on both

pilot's and copilot's instrument panels.

0. .ongitudinal Dis placement and Synthetic Glide Path

A basic assumption of rhe aiding concepts was that a measurement

of ground speed (GNS) would be available in the airplane simulated. The

model for this measurement is given in Appendix B; note that it included

an additive random component of 4 krots ras. From this assumption it it

an easy step to assume also that a measurement of initial position can

be made. Exampl" of possible sources are a position fix from the air-

plane's standard navigation method, a distance-measuring-equipment (DKE)

reading, or the point of crossing the center of the outer marker beam

on approach. With the initial position and GNS, we may compute horizontal
displacement along the runway centerline by Integrating

SX 0 +j (GNS)dt

where

Xt) Measured longitudinal displacement of airplane, pouitive

in direction of approach

X 0 Initial value of lo(tgitudinal displacement.
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An error in initialization will appear as a constant bias error in X .U
We took a value of i 600 feet, corresponding to a single-reading DIE

bias, as the initialization error. On each simulator run the particular

value of the X bias error was dependent on the wind profile, being

selected to cause the most difficulty; for instance, an error of +600

feet was applied to runs on it wind profile where a headwind loss was

expected.

The measurement of X with cte standard measurement of airplane

altitude above ground, frow a radio altimeter, for instance, may be com-

bined to synthesize a reference, glide path when an I1.S glide slope beam

it not available--as on non-precision approarh, Assuming that X - 0 at

the glide path Intercept pnint on the runweiv, we coiuputed:

Ilgp -Xtan(GSA)

where

H - Height above ground, positive up (feet), of the glide path at
9p longitudinal diaplacement X

GSA - Glide path angle (dugrees) above horizontal; nominally 3%

The altitude error of the airplane then was H - H9P, which gave vertical

deviation from the synthesized glide path and was used for flight director

pitch coimwnds Note that i had a random error component due to thegp
error applied to the GNS measurement; the effect of the integration and

the smll value of tnn(GSA) was to attenuate this component so much

that it was practically negligible. it was necessary to add a random

noise component to the measurement of aircraft altitude, H, as shown in

Appendix B, to get a "realistic" s,-nthetic glide path. There was no

intention or attempt to use this synthetic glide path below nonprecision

minimums.
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K. Modified Flight Director

Under Task 5 of this AWLS contract Collins developed improved flight

director control laws that incorporate acceleration augmentation to aid

in coping with wind shear on approach and landing. In comparison with

the standard or "baseline" flight director commands, these modified

steering control laws exhibit quickened responses to changing wind and

other transients. The modified flight director also had a modified speed

command, driving the Fast/Slow "bug," that used acceleration augmentation

and wind-shear compensation to improve speed control. The modified flight

director (FD) laws for this DC-10 simulation test had no major changes

from those of the previous tests; previous reports,' describe the

algorithms and compare them to the baseline DC-10 flight director laws.

To illustrate the techniques, simplified block diagrams of the MFD

longitudinal and lateral controls are given in Figures 4a. and b., and a

sicmilar diagram of the HFD speed control is given in Figure 5.

When uscd on a non-precision approach, the flight director pitch

steering command requires a substitute for glide slope deviation. Note

that the )FD longitudinal control, Figure 4, has altitude error as a

basic input. On precision approach this signal was obtained from glide

slepe deviation and altitude. On non-precision approach, the altitude

error signal was computed by using the synthetic glide path described

above. Figure 6 shows this algorithm.

With the MFD the pilot's task was to steer the simulated airplane

so as to follow the flight director steering commands as closely as

posgible. Thus, this part of the experimCntal task was th, same in

concept as conventional approach management by flight director reference,

When the MFD was used, both the pilot's and the copilot's flight directors

were driven by the mFD '%,ignals.

F. Thrust Conawnd

For approach and landing the pilot's speed control task was aided

by .upplying a speed error indication on the Fast/Slow scale of the flight

director. The pilot moved the throttles to keep the F/S indicator showing
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zero error, in the conventional way. The dynamic effects of the simulated

wind shears produced speed errors greater than 1.0 knots, however, so

the conventional ±10-knot scale was changed to read ±20 knots.

Three speed-comand algorithms were implemented in the simulation

computer software. The "baseline" DC-10 F/S signal was derived primarily

from airspeed error; it was designed to give smooth, stuible operation.

The Collins MF) algorithm was described above (Figure 5). The third F/S

drive signal was the same one u'ed in previous tests, 3 based on both

ground speed error and airspeed error. The algorithm for computing that

signal is:

F/S - Mtinimum of (MS, AGNS)

AAS - IAS - V
app

I: CGNS - GNS - GNS ref
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where

F/S Fast/Slow indicator reading (knots, limited to ±20)

IAS = Indicated airspeed (knots)

V Selected approach speed (knots).~app
This "minimum airspeed-erroriground-speed-error" algorithm gives an F/S

signal that duplicates the pilot's speed management technique described

in Section III-A. When used, the pilot's and cop'lot's F/S indicators

were driven.

G. Modified Go-Around Guidance

Situations will occur on approach' and landing, especially with wind

shear of high severity, for which the appropriate action is to abort tile

approach and make a "go-around." In the simulated airplane tile pilot

initiated the maneuver by pressing the TOGA button and saying "go-around;"

he advanced the throttles to give full (102%) engine rpm and steered on

the flight director commands, while the copilot activated the lever to

raise the landing gear and moved the flap lever to 22. The standard

or "baseline" DC-10 go-around steering and F/S signals for the flight

director are derived from heading, angle of attack, indicated airspeed,

and longitudinal acceleration. They provide a smooth pitch-up maneuver.

An alternative method was designed in an attempt to minimize the

loss of altitude during the go-around. This modified go-around guidance,

developed by Mr. David W. Ellis of SRI, was intended to provide a pitch

steering control law for use in wind shear. The control law was designed

spocifically for the simulatot validation tests, and would requirc addi-

tioas and modifications if used in a production aircraft.

Alie rationale of tile design is as follows:

Tie dominating requirement during go-around is terrain avoidance
and obstacle clearance, After the initial pitch-up maneuver, it
is assumed that flying a nominal positive flight path angle will
result in a safe go-around.

* Tie pitch attitude required to maintain a flight path is depend-
ent on the prevailing wind. The steering control law should
contain compensation for this effect.
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.if there is severe wind shear or some other condition such that
the aircraft cannot maintain the niominal flight path angle, the
aircraft will be flown at or above a minimum airspeed at a com-

mensurate maximum pitch attitude.

'IThe design is described schematically in Figure 7. Vertical-speed

Hand ground-speed GNS inputs are used to compute flight-path-angle y.

Flight-path-angle and angle-of-attack a then go into the computation of

the pitch steering signal A. This computation may be explained with the

aid of the vector diagrams in Figure 8. In Figure 8(a) the aircraft is

[ ALT;TUOE

GROUND LAPLACE TRANSFORM

APPICC

RNiATED 
d ON

ASTALASEDEEPNDT NFAPSTO

FIGURE 7 MODIFIED GO-AROUND PITCH STEERING
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I0l AIRCRAFT IN STEADY FLIGHT WITH NO0 WIND

60

1bI AIRCRAFT IN STEADY FLIGHT WITH WIND

FIGURE 8 EFFECT OF WIND ON AIRCRAFT FLYING AT A GIVEN 7

shown at a given flight-path-angle y with no wind. In Figure 8(b) the

aircraft is at the same flight-path-angle 1o with the exception that a

steidy wino component V hao been introduced. To compensate for the

wind, the aircraft has been pitched up by approximately y - y. If winds

were ignored (treated as a disturbance) in the control law, one could

write:

6-- 00
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where 8 .s the pitch angle. To compensate for the witid, we want:

t- 0 - t. + ( .' Y)]

which, with the substitutions ya a 0 - a and 0 y + a , is equivalent
0 0

to

A - 8- - ai + (0- - Y)]

A = (y - y ) + (a, - a)
0

This signal and the pitch rate term 0 for damping are the controlling

terms as long as airspeed remains high. When airspeed drops to or below

the stall value, the minimum fiwction chooses the IAS-Vt input, which

results in a pitch-down command to gain airspeed. The reference flight

path angle, y.A' and angle of attack, aGA, were chosen empirically to

give a good DO-10 go-around maneuver.

With the zmdified go-around method the pilot advanced throttles

to give full thrust immediately after pushing TOGA. He was then not

using the F/S indicator on the flight director for the thrust control.

Therefore, to provide additional information, the F/S signal was modified

so that the F/S d'ksplayed an approximation to angle-of-attack error.

The modiified go-around signal drove both pilot's and copilot's flight

director.

H. Run rvaluatiov (Microcomputer) Di-play

Previous wind-shear otdmulation tests3 had exposed the need on approach

and landing for an effective go-around advisory device that would be easy

to read, reasonably inexpensive, and substantially free of nuisance alarms.

We hypothesized that. any go-around advisory should be accov4anied by some

explanation of the reason if the warning, and also that we could increase

the usefulness of the device by providing indications of wind activity.

Accordcngly, SRI designed and developed a microcomputer-based alphanumeric

unit termed the "run evaluation display" (RED). The window, in which
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20 characters could be displayed, is shown in Figure 9. Two of these

units were mounted on Lhe simulator instrument panel, one on each side,

just above the barometric altimaters.

Twelve analog quantities representing isensor measurements were

available in the simulated airplane, as shown in Table 5, and were pro-

vided in the DC-10 simulator as inputs to the multiplexed analog-to-

digital converter of the microprocessor. The binary TOGA-button contact

was also provided, as were two simulator binary events needed to initial-

ize the calculations. The microprocessor sampled the analog quantities

once each second and computed air-mass flight path angle, lonpitudinal

and vertical wind at the aircraft position, and estimated longitudinal

wind shear. If the airplane was located before the runway threshold

on approach it computed the estimated height loss if a go-around were

executed, and the altitude of the obstruction clearance zone; if the

simulated aircraft had crossed the runway threshold it computed the

estimated distance to touchdown and to stop, assuming a wet runway.

Depending on the results of the computations, the microprocessor put

one of the following messages on the alphanumeric display, with the

appropriate numerical figures inserted:

a Surface Wind Message

NR 1IW 32K FAR Th 4 7K

The wind along Lhe runway is 32 knots headwind at the near
end and is 47 knots tailwind at the far end.

9 Longitudinal Wind Shear Messages

[IlWDEC S1 LOSS 20K/Il J
jHW INC SP GA!N 15K/H

[TW DEC SP GAIN 29K/I1

L1W INC SP LOSS 8K/il

The longitudinal wind at the airplane is a head (or tail) wind
and will decrease (or increase) along the approach path; the
estimated airspeed loss (or gain) is shown In knots per
hundred feet of decrease in altitude. Shown if the wind shear
is greater than 8 knots per 100 feet of Altitude.
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lable 5

INPUTS TO MICROPROCESSOR FOR RUN EVALUATION DISPLAY

(a) An_ ol

Channel Quanti ty Symbol Range Sense

0 Pitch 4ngLe 0 !16 deg + tip

I Angle of attack t .16 deg + up

'2 True airspeed TAS 0-256 kt --

3 Ground speed GNS 0-256 kt --

4 Altitude above runway It 0-2048 + up

S Vertical v,,I, city I -32 fts/ + tip

6 i.ongitudinal wind at VWXgnd t64 kt + tailwind

runway near end

Longitudinal wind at VWX ±6, kt + ailwind
runway far end 

far

8 Not used ..

9 Lo,;wllzer deviation ALOC *2 deg + to right

10 Longitudinal displace- Xf !1024 ft + in direction

%ent (fine) of approach

Ii LvgiLudinal displa, e- X -32 kft + in direction

ment (coar.-e) of approach

1. Acceleration demavnd Ae 8 kt/s --

13 Indicated airspeed IAS 0-2%6 kt.

(b) B) -FVlYo" vent Markersi

Tt)W Takeo f/I;o-Ar(-und utton

RRST Run rI..set.
,M Bi Hisflon %Lart

(, ) .,nstants Requ ired

Air density

Aceleration of gravitv go
Runwav lenigth I

r

Nominal glide slope angle GSA

Weight of airplane W

Referenre wing .area S

Drag coeff iv ciets C C
I) N LREF

Lift coefficients C. O, CI1 ° C LMAx

Ma Amum available thrust T
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* Vertical Wind Mesaeut

MIT W UPDRAFT I7K

VERT W DO NDRA-r 33K

The aircraft is in a wind with a vertical component, updraft
or downdraft, of the speed shown in knots. Shown if the
vertical wind speed is greater than 5 knots.

* Airspeed Warning

SPEED IGII FR FLAPS

The indicated utrspeed has exceeded the flap placard speed.

* Go-Around Advisory MesbAges, Aircraft Before Threshold

C O ,,RND UNDERSHOOT I

The airplane position and valociry are such that there is

danger of going too low and into the clearance zone.

GO ARND ACCEL LACK

The acceleration marRin criterion has been met (AA < 0).

GO ARND OFF TO RIGHT

GO A.ID OFF TO LEFT

There is too much lateral deviation from the localizer.

GO ARND SPEFD LOW

'Me airspeed han decreased to 10% above stalling speed or
less.

* Go-Around Advisory, eb..es, Aircraft has Crossed Threshold

L~DOVERSHOT

The 'sition and velocity of the aircraft are such that there
is dangei of overrunning the far end of the runway.

) DDESCENAT RA r

The descent rate of the aircraft in too high for a safe
landing.

The priorities with which the different messages were diaplayed were
ordered for safety. That is, a go-around message overrode any other,
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the longitudinal, wind shear or vertical wind meisages (these were alter-

nated if the situation had both conditions) alternated with th~e airspeed

warning and overrode the surface wind, and the airspeed warning overrode

the surface wind message. A technical description of the microprocessor

display and details of the calculations are given in Appendix C.

When the displAy was installed in the DC-10 simulator and checked

out, it was found to opertite intermittently, presumably because of noise

and/or crosatalk on the data and event lines from the simulation

computer. The troubles were reduced by filtering the lines and by

rcprograning ,ie microprocessor to provide some protection against

false signals especially in the computation of go-around advisory con-

ditions. All the problems were not eliminated, however. Ile micro-

processor display operated as designed through some of the simulation

run sessions, but there were enough faults to prevent a thorough evalun-

tion.

1. Angle of Attack

We hypothesized that information or, airplane angle of attack, (t,

would be useful in aiding the pilot to cope with updraft and downdraft

wind, and would be particularly important for the go-around maneuver.

Several candidates and displays were considered, but were rejected for

various technical reasons such an lack of proper filtering. We decided

that the most appropriate and effective way to use a information would

be to incorporate it into the flight dir2ctor steering and/or thrust

cormcands. The Collins-designed HUI) algorithms for approach did not need

angle of attack; however, a terms were used in the modified go-around

guidance with good effect.
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IV PRECISION APPROACH STUDY

A. Situation Simulated

The simulated approach and landing scenario adopted for the preci-

sion approach study was a manually floni, flight director ILS approach.

Simulated guidance signals included beam bends and beam noise to repre-

sent a Category I ILS. Cloud cover was simulated down to a breakout

altitude of 150 feet above ground level (AGI.), and simulated visual

conditions after breakout represented a runway visual range (RVR) of

5000 feet. The terrain model/closed-circuit television system used to

represent cloud cove-r during the approach and the external visual scene

after breakout have been described In Section II. A 150-by-ll,500-foot

runway with .tandard markings and Category 11 approach and runway light-

ing was represented in the visual system.

Simulated approach sequences were Initiated inside thn final

approach fix (Outer Marker) at an altitude of 1500 feet AGL with the

landing checklist completed and the aircraft in the landing configura-

ticn (gear down and flaps extended). A landing gross weight of 350,000 lb

was adopted and all approaches were flown with 50' flaps. At run initia-

tion, the aircraft was ponitioned oi glide slope and localizer and sta-

bilized on a preselected target approach speed for the scheduled test

conditions. The approach sequence was terminated after nose-wheel touch-

down and a short rollout, after execution of a successful go-around

maneuver. ot after the occirrence of a crash.

Wind conditions were varied from run to run In accordance with the

scheduled exposure to wind-shear conditions, as described below An

Section IV-B.

Runway elevation was set at 5300 feet MSL on all runs and the am-

bient temperature on the ground was set at 95°F. These landing conditions

cc.rrespond to an air density environment of 9000 feet MSL.
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B. Systems Te-.ad

1. The Primary Test System: MFD/AA

The primary test system consists of an integrated combination of

the aiding concepts that have produced the most suzistantiai improvement

in coping with low-level wind shear in earlier simulator evaluation

studies. The componentsi of this system and the teh instruments used

in the present validation study are shown in Figure 10. A description

of the drive signal computations and pilot technique associated with

each component of this test system is given in Section 111. Tn subsequent

discussions of the evaluation plan and test results, this system will be

referred to as the HFI /AA onf Igurat ion.

As inaicated in Figure 10, the MFI)/AA configuration is defined by

the following components:

(1) MF1--Plitch and r.,il steering commands are b.ised on the Collins
Acceleratlion-augmented control laws for I'S tracking; in the
go-around -ode fTOtCA button depressed), a modified pitch steer-
Ing ckrmwand is provided based on the SRI go-around guidance
compu ( at ion.

(2) Thrust Comzand--Tr1,e Fast/Slow Indicator provides speed commands
based on the Coll ins algorithm with compensation for diminishing
headwinds (MFDr-,2); on go-around, the Fast/Slow indicator dis-
plays angle-of-attack error.

3) Go-Around Advisory--A light rounted on the glare shield, above
the ADI, illuminates when the acceleration uargin algorithm
cal ,l for a go-around.

.) tMoving Tape Displ. y--Analog displays of airspeed, ground
spe,-d, and acceleration demand are presented on the Kollsman
moving tape instrumet, rather than on conventional dial-
pointer displays.

2, CLr~t: .L S y,) s ,_ ew;.!

in orda.- ,) obtain =ire complete Infcrm--ion on the MFD/AA test

system, Its performance in support -f rrecision I.S approach operations

was contrasted with two comparison systm,. The first comparison system

was simply the unmdified DC-10 flight Instruments and approach manage-

ment technique and is referred to as the "baseline" (BL) system. The

second comparison iystem represent, a-, alternative way of presenting
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speed management and go-around advisory information, and is referred to

as the }NS/RED configuration.

The instrument panel configuration for the GNS/REi) system is shown

in Figure 11. The distinguishing components of this system, also de-

scribed in Section I1, are:

(1'k The two-pointer disrlay of airspeed and ground speed.

(2) Modification of the F,%st/Slow indicator to present ground
speed error or airspeed error.

(3) Standard DC-1O flight director for approach; modified go-around
guidance is ava'lable on the pitch steering command when TOGA
is depressed.

(4) Wind condition and go-aroutd advisories are displayed on the
Run Evaluation Display (RED)), an alphanumeric readout located
just above the radio and barometric altimeters.

The instrument panel configuration used for the baseline condition

was the same as tha. shown In Figure 11 with the RED covered. On HL

runs the ground speed needle on the two-pointer display was biased to a

value beyond the normal range of approach speeds and was not used. In

addition. flight director steering commands and the Fast/S'ow indicator

were based on standard DC-1O specifications for both approach and go-

around guidance.

C. Evaluation Plan

1. Sub2ject Pilts1

Ten currently active transport pilots were recruited by FAA to serve

as subject pilots in this study. Seven were DC-1O qualified airline

captains, representing six major domestic carriers. Their total flying

time as pilot in command ranged from 5000 to 28,000 hours and averaged

1.,700 hours. Their time in the DX-l0 ranged from 0 (L-1011 pilot) to

3500 hours and averaged 1084 hours. Four of these pilots had participated

in earlier phases of this simulation program and were thereby exposed to

some of the aiding systems and wind shears. The three non-airline pilots

were two FAA pilots with approximately 4000 hours each, and a Boeing

engineering test pilot with 9700 hours. Only one of these pilots was

DC-IO qualified (75 hours) and two of the three were subject pilots in

earlier tests.
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2. Experimental Design

The principal objective of the precision approach test was to demon-

strate the potential performance of the selected aiding systems in coping

with low-level shear of various types and levels of severity. As indi-

cated in the preceding section, the subject pilots were exceptionally

well qualified and it was assumed that their performance of the approach

management task, using the experimental aiding systems, would provide a

sound basis for estimating the operational potential of these systems.

The primary basis for making this estimte was the data recorded on

approach outcomes for encounters with shear conditions classified in

previous hazard definition studies as representing "low," "moderate,"

and "high" levels of severity.

Objective approach outcome data were supplemented by pilot critiques

of the aiding systems rnd their acceptability for use in regular airline

operations. In this 0Lst, primary emphasis was placed on the evaluation

of the 4FD/AA system. However, the design also provided for a compara-

tive evaluation of the MFD/AA system with the DC-10 baseline system, and

with the alternative aiding concept represented in the GNS/RED system.

The data collection plan adopted for this test Is shown in Table 6.

Each subject pilot was assigned to fly three sessions in the simulator

and used a different panel configuration in each session. As Table 6

shows, the plan did not provide for complete counterbalancing of pilot

exposure to the aiding systems, to compensate for carry-over effects

(i.e., learning, motivation, fatigue, etc.) from one session to the

other. This was precluded by the time required to reconfigure the In-

strument panel between sessions. However, note that exposure to the

primary test system (MFD.AA) occurred In the first session on half of

the sessions, and in the last session on the other half, allowing for

an assessment of order effects.

A single session In the simulator consisted of a series of training

runs on the assigned test system followed by a standardized series of 5

data runs. Since some of the subject pilots were already familiar with

the aiding systems and with the Douglas simulator, the number of training
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Table 6

TEST PLAN ADOPTED FOR TIE PRECISION APPROACH STUDY

Subject Test Conditions

Pilot First Session Second Session Third Session

I MFI)/A B1. GNS/RED

2 HFD/AA HL GNS/RED

3 HFD/AA B11 GNS/AA*

4 MFD/AA BL GNS/RED

5 BL GNS/RED MFD/AA

6 BI. GNS/RED HFD/AA

7 Bl. GNS/RED KFD/AA

8 81. GNS/RFD MFD/AA

9 BI. GNS/RE) KFD/AA

10 HFD/AA BiL GNS/RED

ARED not working properly--LA light used for go-around advisories.

runs was not the same for all pilots. The intent was to provide for a

warm-up on the simulator and to then allow each pilot sufficient expo-

sure to the aiding system to ensure coriect interpretation and use of

the experimental displays. The training was conducted by the project

pilot in the righi seat, and data runs were initiated only when both

pilots were satisfied that the test system would be used correctly.

The wind-shear profiles selected for both training and data runs

are identified in Table 7. The profile numbers used in this table refer

the reader to corresponding profile descriptiont given in Appendix A.

Note that the profiles used for data runs did not include those used for

training; the test data are therefore independent of the training set.

The five wind profiles selected for the data run series in each session

were selected from the eight shown here and always included two low-

severity shears (1 and 8), one moderate shear (2 or 9), and two high-

severity shears selected from those shown. The order of pilot exposure

41
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Table 7

WIND PROFILES SELECTED FOR THE PRECISION APPROACH TEST

Wind Profile Type Severity
Number Level

Training Runs

0 No wind --

3 Thunderstorm Hligh
7 Thunderstorm Moderate

Data Runs

I Boundary layer Low
8 Thunderstorm Low
2 Warm front Moderate
9 Cold front Moderate
4 Thunderstorm High
5 Frontal Hfigh
6 Thund er sto rm Iti gh1
1 0 Thundersterm Hi gh

to the shears on data runs was scrambled so that pilots would not be

able to anticipate the shear conditions tn subsequent test sessions.

This experimental design provided teat data on a total of 150
approach sequences (runs) and allowed estimates of operational perform-

ance to be based on 50 runs for each of the three aiding configurations

tested. These 50 runs represent 5 data runs for each pilot and break

down into 20 runs each against the low- and high-severity shears and

10 runs against the iz.derate shear.

3. Teat Procedures

The approach scenario described in Section IV-A was carried out in

the same manner on all data runs in each of the three sessions. Pilots

were scheduled in pairs and alternated sessionq In the simulator follow-

ing a master run schedule listing the ses.ions to be completed by each

pilot for each scheduled day of testing. On the first day, a thorough
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project orientation briefing was presented to each pilot, covering wind-

shear phenomena and background information on pilot technique and the

prior development of the pilot aiding systems. This briefing also pro-

vided a detailed description of each component of the test systems and

the ways they were intended to be used. Immediately prior to each

scheduled session, the scheduled pilot was again briefed on the cystem

he would be using in that session and on the procedures to be followed

in the simulator. Debriefing sessions were conducted immediately after

each simulator session to record pilot reactions and assessments of the

test systems on a debriefing questionnaire.

On the 81. runs, pilots were briefed to co: duct each approach as

they would in actual line operations and to make approach continuation/

go-around decisions on the basis of their usival assessments of the flight

situation. rhe project pilot in the right seat assumed all Virst Officer

duties and made standard callouts of altitude, airspeed error, and ILS

deviations. 1he pilots knew that significant shear condittons might

occur on any approach (but not which shear). and were brie-fed to initiate

a go-arouTid promptly, if they decided to do so, and to ur-e the procedures

recommended by Douglas" for coping with the shear conditions encountered,

The essential feature of this procedure for purposes of this test is

expresst.d in the following excerpt:

"Upon encountering a decreased performance shear and/or dows-
draft, thrust and pitch attitude should be immediately increased
to maintain an acceptable airspeed and flight pattern. Power
should be immediately advanced to the go-around setting if
necessary, and a go-around sho~tld be initiated when this type
of an encounter occurs at low altitude. Stick shaker apeeds
should be known for the approach and go-around configuration,
and airspeed should be traded down to the stick shaker speed
if necessary to prevent ground impact."

On MFD/AA and GNS/RED sessions, pilots were briefed to carefully
follow the procedures prescribed for the use of these test syiteas. For

test purposes, the use of individual pilot interpretations and techniques

was discouraged. For example, pilots were briefed to accept the occur-

rence of a go-around advisory as mandatory, and to initiate this maneuver

promptly rather than use their own discretion based on other instrument

indications.
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D. Results

Two kinds of measures were derived from the data recorded on each

test run: (1) a system performance score, based on approach uutcomes,

and (2) a set of diagnostic indicators to provide additional information

on these outcomes and on tLe performance of each component of the test

systems. The systems performance scores were used as the primary basis

for assessing the operational validity of the test systems, and are

discossed first. A more detailed analysis of test system performance

is then presented in Section IV-D-2. The presentation of results is

then concluded with a discussion of subject pilot evaluations of the

systwns tested.

1. Approach Outcomes

A system performance sccre, ranging in value from +10 to -10 points,

was assigned to each data run in accordance with the scheme described in

Appendix D. As that discussion shows, the "system performance" score

earned on each run represents the effects of aircraft performance capa-

bilities and pilot performance of the approach management task, as well

as the ifluence of the experimental aiding systems, However, since the

aircraft, pilot, and environmental conditions (wind profiles, weather,

and so forth) were the same for all the test systems, their effects are

a comon factor and the effect of the aiding system was isolated and

assessed by comparisons with baseline performance.

Table 8 presents a tabulation of the number of approach outcomes

in each of the four possible performance classes for each of the test

systems. This tabulation is based on 50 approach outcomes for each t:est

system and reflects performance across all of the wind-shear proftiles

and levels of severity. The average performance score may thus be

construed as an overall index of system performance. A more detailed

breakdown of the approach outcomes is given in Appendix G.
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Table 8

DISTRIBUTION OF DATA RUNS BY SYSTEM PERFORMANCE
SCORE FOR EACH TEST SYSTEM*

Number of Approaches
..... Performance

Go-Arounds Touchdowns Score
Success- Unsuccess- Out-of- Averaged

System ful ful In-limits limits Over Runs

Baseline 22 6 11 11 -0.02

HFD/AA 24 0 21 5 6.60

GNS/RED 28 0 12 10 2.68

*Based on data from 50 runs for each test system.

The average performance scores for the three test systems are

plotted in Figure 12. The MFD/AA system performed significantly better

than GNS/RED, which in turn was much better than BL. Further, the MFD/bA

score is quite close to the expected top level of performance (8.0, as

noted in Appendix D) corresponding to the score that would be obtained

in a comparable flight simulation teat with no wind shear. The MFD/AA

system therelare provided both a significant relative improvement over

BI., and an absolute perfcrmance acceptably close to the top expected

value.

A more graphic presentation of the over.ll performance of the test

systems is given in Figure 13. This plot breaks the data runs down by

wind-shear severity and gives the mean performance score for each test

system. The mean performance scores are based on the number of data
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runs (n) shown for each severity level, and were derived sccording to

Appendix 1). ThL4 plot shows that all of the 20 runs flown with the

XFD/AA systca against high-severity shear conditions resulted either in

i successful go-around or a withiti-limlt touchdown. Figure 13 also shows

a substantial improvement in nerformance tin low and moderate wind shears

ior the MFD/AA system, and no substantial improvement over BL for the

(NS/RED system on these shear conditions.
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When . ,nm performance acores are eun tnlned for each of the wind-shear

profiles, as showm in Figure 14, a narked difterence Is apparent in the

effects of individual wind profiles on approach outcomes and on the com-

parisons across aiding syv'tet~. Note that all of the BlL nins against

wind profile 4 were scored a -10 and that all were +10 on the remaining

high-severity shear conditions. Af noted earlier, the MFD/AA system

produced +10 scores on all of the high-severity shears, this level of

performance was matched by the GNS/RED system on all but wind profile 5.

Figure 14 also shnws that XF)/AA system performance was consistently

batter than BL on low- and moderate-severit.' shear conditions. The cou-

paratively lower scores indicated for this system on low- and moderate-

severity shears t attributablo, in part, to the penalties Imposed on

go-arotmd on moderate shears (a go-aroond advisory was generated on all

approaches against wind profile 2).
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The stat istlcal significance of recorded differences In performance

scores across all thre, test s4stems was tested using the Friedman two-

way analysis of variance by ranks.(' This test is batted on differences

in the performance scoteii earned by individual subject pilots when the

different aiding syntem, were uned. The test Indicated a probability of

less than .01 that differenceg in pilot performance were Independent of

the test system used. A subequent test of differences between the

performance of the Bl. systtm and the FI)/AVA (Wilcoxon matched-pairs

signed-ranks tLstY was also significant at less than the .01 probability

level.

2. Analvsi

Airspeed management. flight path control and the timely execution

of a go-around. when ne,essary, are the basic elements of the approach
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management task, and the various components of the aiding systems were

expected to support and enhance pilot performance of these task elements.

The results presented in this section provide an indication of how well

these task elements were supported by each of the test systems. In

practice, the approach management task must be accomplished in an inte-

grated manner and -he interacting effects of the three task elements

cannot be cleanly distinguished; the data presented here should be inter-

preted with that !n mind.

a. Ai . ae ed Xana'emen t

The airspeed management technique emblodied in the MYFD/AA (MFDT-2)

and GNS/RED systems (airspeed/ground speed error) were designed to mini-

mize airspeed 10oss With respect to desired approach speed (VApP) by

calling for an airspee-d pad based ot? a minimum prenlanned ground speed

(see Section III for details). The stnazry data plot in Figure 15 shows

that both of the test systemi were highly effective I;% minimi~zing air-

speed loss on all levels ot shear severity. The coded data points given

in Figuro IS(a) are the maximum drop in airspeed below VAPP, over the

500-to-l00-foot approath segment, averaged across all runs against the

designated %hear severity levels (n - 20 for low- and high-sevc:rity

shears, and n - 10 for moderate shears). As indicated, mean values

converged to zero airspeed drop for the MFD/tA system.

The variability around thest means it plotted separately in Fig-

ure 15(h) to redu,'e clutter. This plot shows that one-sigma (standard

deviation) values were below 10 knots under all test conditions and that

they were lea than 6 knots for the HFD/6A. Differences in variability

appear to be attributable to the severity of the shear and are not sub-

stantially dMfferent for the three aiding systems.

The role of the ground speed management technique in controlling

airspeed loss is shown In Figure 16. The data points in this plot are

the maximum drop in ground speed below the preselected minimum for each

wind profile (GNSref), again averageJ over data runs under the three

levels of shear severity. The mean values of less than 5 knots for the

two test systems indicate that the subject pilots applied these techniques
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effectively--L.e., grfund speed wns maintained at or above reference.

Under BL conditions. ground speed varied with the severity of the shear,

as expected. and averaged 30 knots below reference on the high-severity

profile".

A major concern relating to the ground speed technique is that the

high approach airspeed 4 required to maintain (NSref might lead to un-

acceptably high speedt; going into the landing maneuver, with subsequent

adverse effect on touchdown position (e.g., long landings). Figure 17(a)

indicates ch'it mean airspeeds were somewhat higher than baseline when

this tec)nique was used on high-severity shears. In Figure 17(b) we

show the average touchdown position. relative to the glide path intercept

point (GPIP) under zorresponding conditions. The data show that mean

touchdown positions were very close to the GPIP for the high-severity

ahears when the ground speed technique was used, with no tendency toward

long landings. One-sigma deviations in touchdown ponition for these
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conditions uere 292 feet for the GNS/RED system and 688 feet for the

MFD/AA. Noce that baseline touchdowns for the high-severity shears

ten,'ed to be dangerously short.

b. Flight Path Control

Summary data on the accuracy of glide slope and localizer tracking

are plotted in Figure 18. The data points in these plots are mean values

of ILS deviations recorded on the 500 to 100-foot approach segment for

data runs under each level of shear severity. As shown in Figure 18(a).

glide slope tracking accuracy improved on all levels of shear severity
when the modified flight director was uied (MFD/AA system). A similar
plot of the contrast in localizer tracking accuracy, shown in Figure 18(b),

indicates a slight trend toward more accurate tracking when the MFD is

used, but the differences are not of practical significance.

An improvement in flight path control attributable tc- the MFD is

also shown in Figure q. The data points In this plot show the number

of approaches, relative to the total number attempted, that were within

acceptable flight path offset and rate-of-sink limits at the Inner Marker

position. For this assessment, limiting values for flight path offsets

were 28 feet (two dots) for g:ide slope, and '75 feet for localizer

(nominal runway width); the rate-of-sirk limit was 1500 feet/min. The

data show n substantial Increase in the percentage of within-limit

approaches for the MFD/AA system, particularly on low and moderate shears.

c. Go-Around Performtance

Eirlier simulation studies pointed up the need for additional

assistance to the pilot for determining when a go-around would be the

best course of action on the more severe wind-shear conditions. In the

primary test system, this assistance was provided In the form of an

acceleration margin (.A) display and go-around advisory light. In the

baseline and GNS/RED systems the AA advisory was not used for deciding

to go-around, but the run data recorded the event If the AA criterion

was met.
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The performance of this go-around advieory system for each of the

wind-shear profiles applied during the test runs is summarized in

Table 9. This tabulation is based on 147 data runs and thus includes

data runs under other conditions as well as those for the HFD/AA. The

count entered in the "Number of Advisories" column is the number of

times AA reached its critical value (see Section Ill for description)

and is therefore the number of times an advisory was actually displayed

or would have been displayed. The occurrence of this event was recorded

on each run, whether the adv'sory was displayed or not, and this addi-

tional datum is reported for the more complete information it provides.

Table 9 shows that advisories were associated vith high-severity

shears, except for profile 5, in evcry instance. Data on approach
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Table 9

TABULATION OF (-AROUND ADVISORIES BY WIND-SHEAR
PROFILF FOR PRECISION APPROACH DATA RUNS (N - 147)*

Wiind Profile Number Number of Percent
Number of Runs Advisories of Runti

Low Severity

1 29 5 17.2
8 10 , 0

Moderate Severity

2 13 1 84.6
9 l0 0 0)

High Severity

4 23 23 100
5 12 0 0
6 t0 II 100
10 1.4 1 100

*ta m iss ing 0n three test run,,.

outcomes show that ( of thw 1.1 run.- igai nst p1o ile S resulted in a

landing and that all but one ot these landings were within limits. The

data may therefore be construed as showir the AA ttchn ique to he re-

mtarkably consistent anl ei et ivt in providing warning for high-severity

shears.

The absence of any advis,,rv on protiles 8 and 9 also indicates that

the AA system rel iably dintinguished low- and moderate-severity shz-ars

and would not Issue false alarms in these instances. Hewever, profile 1

has been shwn to be negotiable by tost pilots in several earlier studies,

and the five advisories associated with this shear condiLion may be con-

strued as false alarms. The very high percentage of advisories for pro-

file 2 is more difficult to interpret. Only I of 13 data runs on this

profile resulted in a landing, and that touchdow-n wafs out of limits,

.,ith an unacceptably high lateral velocity (23 feet/s), and under base-

line conditions (no display of advisories) the pilot elected to go-around

on 4 of the 5 runs. It wotid thus appear that go.-around advisories are
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juatified on this profile and that the high percentage of advisories

recorded indicate appropriate system performance.

Another aspect of the performance of the AA system is shown in

Figure 20. This summtry data plot shows that advisories were issued

early on the high- and moderate-severity shears, and illustrates the

predictive nature of the AA advisory--i.e., the advisory is iasued before

the major effect of the shear is encountered. Data points for BL runs

were substantially the same as those shourn for the test systems, but

were omitted on this plot because advisories were not displayed under

this condition. The data for low-severity shears refer to profile 1,

as indicated in Table 9, and show that this condition (rapid head-wind

shearout close to the ground) was not predicted by the system, and that

when an advisory was issued the aircraft 'v'as hazardously low.

The foregoing interpretation Is supported by the data plotted in

Figure 21 on the execution of the go-around maneuver. The data points

here providt, a rough indication of the success of the go-around by show-

ing the lowent altitude to which the aircraft descended during the go-

arotmd attempt. With no advisories available on the BL condition, go-

arouids Cended to be initiated at very low altitudes, while the aircraft

was in the midqt of the shear encounter. The KFD/AA system provides

substantial protection against this hazardous outcome for high- and

moderate-severi'y shears, with go-arounds completed at or above 400 feet

in the typical case.

The overall effect of having the go-around advisory displayed, and

of the availahblity of modified climbout guidaiice for the go-around

maneuver, is indicated in Table 10. This tabulation shows the number of

go-arounds attempted under each test condition end Lhe number of these

attempts that were successful; he percentages shown in parentheses re-

late the number ,f go-arounds to the corresponding number of data runs

for each test condition and indicate the success rates for these go-

around counts. The reader will recall that under baseline conditions,

no advisories were displayed.
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Table 10

TABULATION OF GO-ARL.UNDS BY WIND-SHEAR SEVERITY FOR
F.ACH TEST SYSTF--PRECISION APPROACH

Te t Number Number of Number
Condition of Runs Go-Arounds Successful

Basel ine

Low 20 7 (3sZ) 7 (000)
Hoderate 1 7 (70%) 7 (1001)
HI gh 20 I (701) 8 (57%)

lA)W 20 2 (10z) 2 (100Z)

Moderatc IO () (50t) 1 (100%)

H Igh 20 17 (85A.) 17 (1001)

1.0v 20 11 , ) 9 (1001)

Moderate 10 , (401, 4:E (100)
111 gh 2n) is (71 ) 15 (1 0Oz)

The data show a reductioIn Ow number of go-a rounds fur low- and

moderate-sevs.rity shattst, and womv Increalse in high-severity 11hearsti

when the ISFD~t, A nvstera i-; usted. The Important, number to note in this

tab,v is the 100%. succews rate for the '"lAs~e ndrhg-lvr

shear conditlovt%: anid it,; contrast wi.th the 57;. success rate for the B1.

vstem. Since "unsu~ce~s. A" go-aroww-; 4r, crashes in thin study, the

success r.ate .ho-n for the W1'1 .A svste= reprsent a sulostantlal im-

provvment iq , afetv. The perfornrvnce of the G.NS/RED ravstem also Shows

this enhancement of .nafery. hile the number of go-arounds does not

differ substantiallv from Bi. for this system, the 100 success rate on

go-arounck fr.m hligh-severitv shear en, ounters shows the same eli mina-

tion o(f the ,nucces~tul go-arounds as th.it obtoaned with the MFD/AA
' tsystm.

1. Pilot Evaluations

During the debriefing sessions following each data run series in

the simlator, suli;)ect pilots completed a questionnaire designed to

elicit their react.ions to the test system they had just been exposed to
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and to record their critique of its various functional -omponents. At

the end of the final session, the pilots completed a short extension of

this questionnaire to provide an overall indication of their assessment

of the test systems and the simulation. The questionnaire is reproduced

in Appendix E. and a tabulation of subject pilot responses to each ques-

tion is provided. The highlights of those responses are presented here.

a. General Evaluation

Both the MFD/LA and the GNS/RED test system were srden as potential

solutions to the problem of low-level wind shear, based on the responses

of 8 of the 10 pilots. The other !.o responses were more positive, indi-

cating that the two test svstems were acceptable solutions. In contrast,

half of the pilots rated the Bl. sste M 0 "no solution". Nine pilots

Judged the isimulated wind-shear conditions to be "vqry realistic" or

about right", and only one considered them to be "much too severe". All

10 pilots saw the overall simulation as "good" (6) or "very good" (4).

b. (;round Speed Technique

As in earlier studies, pilot evaluations of thin technique werf,

very positive. Nine felt that the concept '.as "excellent" and all 10

pilots Indicated that they would like ground speed displayed on the

approach. tnat the technique was practical for rnutina operations. and

that it should be taught to all pilots. Only 2 of the 10 pilots found

the two-pointer display to be confusing. and 7 preferred this type of

presentation over the zoving tape display used with the MFD/AA system.

This preference probably reflects the influence of extensive prior ex-

perience with the pointer-scale type of display for primary flight in-

struments. Six pilots reported prior experience with vertical displays,

but for engine instrtrentR rather than flight Instruments. It Is inter-

eating, however, that , pilots indicated a preference for the tape

instruments at the end of the study.

All 10 pilots Judged 0be incorporation of the additional ground

speed rf-ference into the Fast/.Slov (F/S) indicator to be of value, with

6 indlca,,ting that it was "great" and 4 indicating that it "helps at
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t I cles" most -1I thewm (6) reported uitiiig thle F,'S indit-itt yr as a -tecondarv

'solt to tile air -spced indi cator f or s~peed ramageen t on aipp roach. ' I ght

Judg~ed hel 1_ a, .~. "exielleint " 2or impl1eraiantIrg thle grotund r8peed t echnIque.

Pilt ''st'~n'nt. l the ("llins mod iilkat ion to' fli ght dtieitor

gs" l orvi~, tMF! wa'. .r " high ly poit i e, as It hts hi-en ill

1a 1 vi'r cvrt I ti 1 .v Al;', Il piliots~ rateid it asi "better" hamn thu htnd-

d "I t di I I ' V, 1 Mki 1t hem pr4el erredi hvi' MHIL I or -wvvi re wind

slid3 it 1.'i't. I oti i p1 ~ot'-i p~ t I ' 't id the '111) "'at al t im (-,% " wlr £ I I - would

Wa 11 it 1;1 thiA li-'iv *% .Ilv .ot i ugh , t utri I nt apt oa,~ he's''. A m'a 30!t -

) W'ltCd I % I~l~ t ha t '1.11 otiI J .111 ow th: o t1. '.41 or T s4

Sh .and r JI f i ?:ht it ite t Ik'I

St eer ing commmdA v(-rs' clot judgi' to it he eess iely a-t. 1r; by .w't

:s j)~t t t h'', t' b Ih t I&, .ee nt aie t i te ipr~c
.s" ~ ~ ~ ~ - wer no a W, It' ei' t oik I I' v t~ p1'. 1ii~s c. ae ppl .it.c

"In- ~ ~ ~ t t' h a IgI;v t Ions~, amd ill 1 0" sa Id bt e) Ip-d

thli t' i. a v-'cic ;srei i'-. .aii.

d. '~-Ar' oand Adv i'"'r le -' d 1 im!,o.ut l-i i iati. c'

AsI ln'-c r,.-vnt t lit, t r 4 .. ikpI t . %n4 t he nI it . !rrid hie votild I I ke I t

it he , otid hia'.' the 1 ~t i'zv . Al I 1o thon 'said they a1cc ept ed tit('

>:t .1 a 'I 1.1 a.- r'sd rv i '.crv ''ru'. of t he t imre" ( 7 3 or "il I of

.et i W'" I I 1 h. n'v 'x' , Ist I on . r h c v r e pvr t vd t WItat thlov uszed the

~stri~ar's' iti A INl a~ ofN 'A it- rin Itor t hrumti reit'Irimentn (.-me did not

'r'"' tb hi 4~ 11it ?z.l-'nt The'v f e I t t Ilat thin digsp' Iny proiIded q gnod cl tt

;-er nco't * and54 th-r t Ili- igbt' 4 timeJ Ain5 "if~nl is''ug. f~ zr t Ie

vyest izin 'f4it ho i-a'rosnd twitinivrn'

i ri re,;por.'ii t o a% g.er'rl que lsson on go-a rmind t e( hn Iq ~ , 6 of the(

I0O pI!.n lit a - t hev' 1te Ievoi i t would he rzaf e to trade if f al rspetd .1 r

- I imhs perforn'i.u e e'mi'' t- .it lek 4baker sipo.'d, 11 ner esmarv. Three othersi

4 wouldl nor' nr'eipt illsail tcposed lexf than Inl knot's hIA'w V'of "Tic; "10 p i t



opted for 15 knots below. All of the 10 pilots indicated that they

wanted flight director assistance for the go-around maneuver and that

the modified pitch steering commands were "very helpful" for climbout

guidance.

Pilot reactions to the Run Evaluation Display (RED) were also posi-

tive, with some reservations and mixed feelings expressed. Most of

them (8) indicated that they liked the go-around advisory features, and

6 out of 10 said they would prefer to be aided In their decision by a

"black box". However, 3 pilots would not express a preference on this.

Only 6 would state positively that they would like to have the RED in

the cockpit; of the 10, 7 Judged it to be "helpful at times", and 2

judged it as "very helpful". The feature preferred by most pilots (8)

was the go-around advisories, and 5 pilots also indicated that informa-

tion on surface wind conditions was helpful. With one exception (no

response), the pilots said that they had the first officer monitor the

RED and advise them of any significant display events.
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V NON-PRECISION APPROACH STUDY

A. Situation Simulated

The simulation scenario adopted for validation testing of the MFD/6A

and GNS/RED systent. -n the non-precision approach was similar in many re-

spects to the precision approach scenario described in Section IV. A

manual flight director approach was flown, and run initiation and termi-

nation conditions were the same. The simulated aircraft configuration,

wind-shear profiles. runway used, and ambient conditions (i.e., field

elevation 5,300 feet land 95OF air temperature) were also the same. The

principal differences were that a "synthetic glide path," as described

in Section III, was used for vertical guidance rather than the ILS glide

slope, ond thdt ceiling an'! visibility conditions were raised to non-

precibion approach mInimuir (400 feet breakout altitude and 5000 feet RVR).

Locallzxr guidance was available using the same ILS beam simulation as that

used fo the precision approach.

Fnr the baseline condition, it was necessary to modify thio scenario
to accommodate standard DCI-10 procedures for a non-prnqcision ILS approach

(no glide slope). With no synthetic glide path available, approach

sequencen were initiated at 1800 feet AGI. with the aircraft in level

flight and approaching the outer rarker with landing gear down, flaps at

22, and speed stabilized on the minimum maneuvering airspeed for this

configuration. On arrival at the wrker, the pilot "ransitioned to a

steep descent (approxicately 1000 ft/min), called for landing flaps (50*),

and began a final descent to the minimum d4scent altitude (HDA). Aircraft

landing gross weight and aubient conditions were the same as those adopted

for the precision approach test. Most of the DC-10 qualified pilots

elected to use the flight guidance system in the "vertical speed" mode,

and thim used flight director pitch steering comands to maintain the

1000 feet/min initial descent.
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After leveling off at the HDA (350 feet AGI.), the aircraft proceeded

to a DHE-defined visual descent point (VDP) and, following visual ac-

quisition of the runway environment, esteblished a final glide path to

the runway and completed the approach by external visual reference. If

the ruiway eiviroa nit. was not in sight ,it the VDP, or the approach

sittwttion was otherwise unaccaptable to the plot, a go-around was

initiated. The non-precisi.n approach was terminated in the same mnner

as the precision approach--i.e., shortly after touchdown, after a

successful go-around, or after a crash.

H. S's t eme Tested

The HFD/AA was again tile test system of primtry interest, and the

subject pilot's instrumtnt inel configuration for this test condition

was the same as that tihown in Figure 10. The comparison system was

GNS/F/R, the same as (NS/RED except that the modified flight director

steering commnds on approach were used instead of the B1. flight director

contends; the pnnel configuration did not differ from the arrangement

shown in Figure 11. Except for the pitch steering cormand, the functional

components of these test systevm were also the satm as described in

Section IV. The important difference, as indicated above, was that pitch

steering coctnds were based 011 the "Synthetic Glide Path" computation

described in Section Ill, rather than on I.S glide slope deviation, The

Bl. syqtem was the same in all respects as that described earlier for the

precision approach study.

C. Evaluation Plan

1. Sublec-t Pilt

Ten additional transport pilots were recruited by FAA to serve as

subject pilots in this study. This group included six airline pilots,

from three different carriers, with an average total flying time ef ore

than 20,000 hours. Four of these pilots were DC-10 qualified and their

time in the DC-10 averaged 180) hours. The group also included two

engineering tet pilots, both with about 9000 hours total time; one of
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these pilots, from Douglas, had 2100 hours in the DC-IO. The two remain-

ing pilots were U.S. Air Force pilots, with an average command-pilot time

of 4400 hours. Four of these 10 pilots had participated in earlier

phases of the wind-shear program and were thus familiar with some of the

aiding systems and wind shears.

2. Experimental Design

The objectives and the approach to aiding system evaluation followed

a pattern similar to that described for the precision approach. The data

collection plan for the non-precision approach study is shown in Table 11.

Subject pilots are designated by numbers 11 through 20 to distinguish them
from Lthe first 10. Each pillot wna scheduled for three sessions in tile

simulator and was exposed to the three different aiding conditions in

the order shown. Note that exposure to the display conditions was again

partially counterbalanced to control for order effects.

Rui schedules for each .ession provided for familiarization and

training during the first part of the session and then a series of five

data runs. Wind-,hear profiles used for training and data runs were the

same as those identified earlier in Table 7. The order of pilot exposure

to the shear conditions on the data runs was again scrambled go that

pilots would not he able to anticipate particular wind shear effects.

Test procedureq, pilot scheduling. and data reduction and analysis

were the same ap thase described in Section IV for the precision approach

study. Test data were obtained on a total of 140 approach sequences, and

estimates of the operational performance of the test systems on the non-

precision approach were based on 50 runs under BI. and MFD/AA conditions,
and on 40 runs using the (,S/?F/R system. Ten data runs were lost for

the latter system because the RED unit was not working properly for the

test sessions on the first pair of pilots.

67



Table 11

TEST PLAN A)OPTED FOR THE NON-PRECISION APPROACH STUDY

Subject Pilot Tent Condition

First Sesion Second Setsion Third Session

I I FD/i'A Bl. I hS/HF/R *

12 .FD/AA Rl GNS/HF/R*

I3 FD ',A III. GNS/MF/R
14 HFD t/ A BI. GNS/MF"/R

1 BI, GNS/MF/R MFD/4A
16 B1. GNS/HF/R HI"D/ AA

17 I. NS/I.W/R IFD/t6A

18 B1. cNS/HF/R MFD/hA

19 BI. GNS/HF/R MD/6A

20 BI. (NS/MF/R MFD/hA

RED not working properly durIng these two se ions; data were not
Lsed,
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D. Results

I. Approach Outcoir....

A tabularion of the number of non-precislon approach outcomes in

each of the four possible system performance classes is given in Table

12 for each test system. A more detailed breakdown is given in Appendix

G. Note that evaluation of the GNS/MF/R system is based on 40 runs

(8 pilots) because ten data runs were invalid due to RED malfunction.

Table 12

I)ISTRIBUTION OF DATA RUNS BY SYSTEM PERFOILANCE

SCORE 'OR EACH TEST SYSTEm--NoN-PRFCISION APPROACH

Number of Approaches " ]Per fo rmancea

Go-Aromndt; Touchdowns Score

Success- I Unsuc- In- Out-of- Total Averaged
Sy8tem ful cessful limits limits Runs Over Runs

Base line 25 3 15 7 50 1.90

XFD/..A 2 1 23 1 50 6.90

G.NS/IF/R 15 19 6 40 4.17

Based on 50 data runs for BL and 4FD/.,A and on 40 runs for the
(;NS/,4F/R system (see Section V-C); thus. percentages are comparable
for GNS/.FR. but counts are not.

The trend in perfor-tance scorer is similar to the results obtained
on the precision approach, with an improvement shown for the MF1D/AA;
GNS/HFiR performance is again about midway between BL and the MFD/AA.

69



10

TOP LEVEL

6

4-

w
0 0

W OLt GNS'AF-M MFO/IA

.10_

FIGURE 22 SYSTEM PERFORMANCE - NON-PRECISION APPROACH

The average performance scores for each of the test systems are

plotted In Figure 22. WJhile the GNS/mF/R score is somewhat better than

Bt., the XF/AA systein is significantly better than both. Note also that

in absolute terms the HFD/A score is close to tile 8.0 top level, which

correspondz, to the score that would be expected in a comparable DC-10

simulation test with no wind shear (Appendix D). These data show that

KFD/A both provides a significant relative improvement over BIl. and

performs in an absolute sense acceptably close to the expected top

score.
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A breakdown of mean performance scores for each level of wind-shear

severity is plotted in Figure 23. This plot shows a more substantial

improvement in performance for the MFI)/tiA system on low and moderate

shears, over BL procedures, than that obtained in the precision approach

study.

10 j

36

4 ........

GNSJMFIR MFDIaA

Itt
-4

TEST SYSTEM

'-")Low SEVER|TY
LE .. L MOE SEVERITY

6 4HIGH SEVERITY

FIGURE 23 CONTRAST IN PERFORMANCE FOR EACH LEVEL
WIND-SHEAR SEVERITY - NON-PRECtSION APPA4OACH

In Figure 24, wean performance scores are compared arross the test

systems to show the effects of individual wind-shear profiles. It is

apparent that profiles 8 and 4 were particularly difficult for the B1.

system, and that no improvement over BL is shown for high-severity

profiles 5 and 10. As indicated in Figure 23, the MFD/SA performed

substantially better than RI. or low and moderate shears. Most of the

improvement using this test system on high-severity shears occurred on

profile 4.
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The Friedman test$ shows a probability of .02 that the differences

In performance st-ores, examined across subject pilots, were independent

5 of the test system used. A subsequent. teat (Wilcoxon) of the differences

in performance between B1. and th?. KFfL/A system wail statistically

significant at less than the .01 probability level.

2. LtsLi

T-he following analysis of airspeed managettormt, flight path control,

and go-around performat~ca will parallel the analysis given in Section IV-D

for the precision approach. For the non-precision approach, however,

direct comparisons between baieline and test systema performance will not

be meaningful fn some instances 'because of the differences in approach

m~aagement procedure. The principal differences arise from the use of

the synthetic glide path (see Section V-A) for the test systems, which
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produces a vertical flight profile that is more like the precision

approach than the standard, step-down non-precision approach procedure.

a. Airspeed Haaagement

Sumnary data plotted in Figure 25 show that the ground speed

management technique wai used effectively to control for airspeed loss.

The data points in Figure 25(a) are the maximum drop in airspeed below

VApp for the 500- to 100-foot approach segment, averaged across pilots

for the three shear severity levels, and show the expected reduction in

airspeed loss when the test systems were used. The corresponding plot

given in Figure 25(b) for ground speed drop shows that the technique was

used correctly--i.e., pilots were able to hold ground speed at or above

the reference value.

Figure 26(a) shows that airspeed error during the shear encounters

was held to about 8 knots under baseline conditions and that speed pads

as high as 22 knots, on a one-sigma basis, were recordcd for high-severity

shears when the test systems were used. The variability in airspeed

error is indicated by the vertical lines extending above and below the

highest and lowest data point:; to represent one standard deviation from

the plotted values. Corresponding data on touchdown positions are given

in Figure 26(b) and sho'w no tendency toward long landings when the air-

speed pad is used. The greater dispersion in toucdown position shown

for the Bl. condition (vertical lines) is probably attributable more to

variability in glide path control on the final approach segment than to

differences in airspeed management technique. One-sigma deviations in

touchdown position recorded for the test systeva on high-severity shears

were about 750 feet.

b. Flight Path Control

Data plots in Figure 27(a) indicate that glide path tracking ac-

curacy using the synthetic glide path technique was comparable to that

achieved on the precision approach usf.ng the ILS glide slope (see

Figure 18 for coMparison). The data points reflect glide path displace-

ments over the 500- to 100-foot approach segment where most of the
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wind-shear effect was encountered. As indicated, average rs displace-

mnts on the order of 1/2 dot were recorded, and variability across

subject pilots (indicated by vertical lines above and below data points)

was generally within one dot on a one-sigs basis. The substantial

reduction in variability shown for the MFD/AA system on high-severity

shears is attributable to the fact that go-arounds were executed on all

of the severe shears except profile 5, a frontal shear condition with

no turbu.lence and producing gradually increasing performance down to

about 150 feet abov, the runway.

Figure 27(b) shows that tight glide path tracking generally produced

approach outcoms that were within !2 dot offset limits at the linor

Marker position (1860 feet from the GPIP in this simulation). The data

also show that these limits were exceeded, on a one-sigma basis, in some

in tances.

c. Go-.round Periornance

The acceleration mrgin coq, station (..A) was again used as the sole

basis for displaying go-around a~itsories on the MFI)/.A system (and as

the principal basis on the OS/M v/-iv.tem), and the performance of this

technique in tabula ted in Table I I for each level of shear severity. t.n

this tabulation0 baseline data rung were omitted because recorded values

of AA on the ntep-down braellne procedure are not commensurate with those

obtained on the test s4Ystem runs. "rhe data show the same trend as those

recorded on the precision approah.

With the exception of two runs on profile 4, and excluding the eight

runs on profile 5 that always terminated with . within-limit touchdown,

advisories were issued on all of the high-severity shear conditions.

The nearly complete absence of advisories on the low-severity shears and

on the moderate profile 9 again show that the AA system reliably dis-

tinguishes non-hazardous shear conditions and indicates a very low false-

alarm rate. A high percentage of advisories in agAin shown for the

profile 2, and in view of the pool laiding outcomes recorded for this

shear Vhrn it was attempted (507 outside limits), the advisory appears

to be jurtif led on this high-cross-wind-component condition.
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Table 13

TABULATION OF GO-AROUND ADISORIES BY WIND SHEAR
PROFILE FOR DATA RUNS--NON-PRECISION APPROACH

(N - 90)*

Wind Profile Number Number of Percent
Number of Runs Advrisories of Runs

Low Severitv

1 19 1 5
8 17 0 0

dIodiehrathe SevehSr/i/ty
2 9 66b

9 9 0 0

lgh Svrt
4 14 1286

58 0 0
t 55 100

50 lwitnlne run.q -lot inclutded; data miatlng on 10

CHS/MFIR rut.t

Thie tilbular oll giVen ill Table It, 1411owit Lthe number of Re-art ls L

actumlly attet~ted undpr each lae l of ohear severity and the correspond.-

ing nuimber of successful attempts. 7Thw pereccntalgen shourn in parenthemten

relate thesev numberto to the total nuz£er of data runsB for each test

cond it iot., . 11w data ghow a reduction in the go-around raLe On low-

severity p, hwArt, relative to baseline, for both te.t systems, and a

re~duction in go-arounds on the moderante shear for the GN.S/MM/ system.

Asq expected, the go-nround rate f'or high -scverity shearA increased wh='

the 4FD/L A system waw wqed.
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Table 14

TABULATION OF GO AROUNDS BY WIND-SHEAR SEVERITY
FOR EACII TEST SYSTEM--NON-PRECISION APPROACH

Number Number of Numberof Runn Go-Arounds Successful

Baseli ne
Low 20 11 (552) 11 (1002)

Moderate 10 5 (50') 5 (100%)
High 20 12 (60X) 2 (75X)

MFD/..A
Low 20 5 (25%) 5 (100%)
Mcderate 10 5 (502) 5 (100%)
High 20 16 (80X) 15 ( 94%)

GINS/MF/ R

Low 16 7 (44X) 7 (100%)
)derata 8 1 (12%) 1 (100)

Itigh 16 7 (44%) 7 (10OZ)

The increase in the percentage of sutccessful go-arounds on high-

severity Rheans Is agaii. considered to he the important result in thta

tabulation. Under baseline condilotis. 251 of the go-around attempts

resulted in ground conLtact (cranhes), xnd thin percentage was reduced

to 6% for the HXVD/t.A system and to zero for the GNS/MF/R. Thia finding

Is consistent with the data shown in Tible 10 for the precision approach.

3. Pilot Evalimtions

After their sessions in the DC-IO simtalator, the hubjec , pilots

were interviewed inform~ally and were a,ked to answer queationnalires on

their reactions to the test runs and their estimates of the acceptability

pt of the various aiding concepts. The questionnair~es are reproduced in

Appendix F. showing the nurahers of different answers given by the 10

pilots,

The key point is whether a system tested offered a solution to the

wind-shear problem on non-precision approach and landLag ("General,"

questions I and 2, Appendix F). The pilots Judged the standard or BL
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system to be "no solution" or only a "basis for a potential solution."

Their response for the primary system, MFD/AA, was 8 out of 10 for "basis"

or "solution," signtficantly higher than fot baseline. Also the alternate

system, GNS/MF/R, was judged almost as good an MIM/AA.

On the subject of their experience, with non-precision approach (NPA)

operations ("Operations," questions 1-9), the pilots said that NPA is

significantly more difficult than a precision approach; they made an

averaige )f 17.5 NPAs in the past year and all but one used the flight

director. The three-step NPA maneuvi r [consisting of relatively steep

descett. from Outer wirker to minimum deticent altitude (HDA), level out

until runway is sighted, and final descent to landing by visual referente]

is used normally hy altust all. The flital landing maneuver is the most

difficult part at. ording to half, while altitude control during the levelSpart wail most difficult for most of the others. If they had to make a

go-around, 6 out of 10 thought that itttck-shaker is the minimum safe

speed "Go-Around." ques tion 1).

The quality of the X-l0 simulator waa Judged "good" to "very goo."

and the wind profile. were constidered to bc- realistic ("General,"

questions 3 and 4).

he need for grotnd spi-ed Information and the usefulness of the

ground speed/airspeed concept were endorsed by nil hands. Th e major"

reservation, to quote one pilot, wnas "GNSIIAS speed concept Is good,

provided reported windi on ground are good." The dual-needle (Vmo) dia-

play of CNS and IAS w.4as Iridged practical, and only one pilot found that

It produced confusion. In the comparison of the dual-needle with the

moving-tape display, the choice was about half and half ("General,"

question 6, and "Ground Speed," question 6) although only 4 out of 10

had previous experience with instruments of the vertical tape type.

All thc pilots had used previou.sly a flight director with a Fast!

Slow coaand for thrust management, h out of 10 m3king it their primary

speed control. Th1 method of vechaniting the speed zontrol function
was Pndorsed almust unanimously.
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The Collins MFD was preferred over B. by all hands; it was not found

to cal.l for any unsafe action, and was judged not "too active" by 9/10

of the pilots. To quote one pilot, "MFD is better for approach guidance,

but rouet on passengers." However, 9 out of 10 found it smooth enough

for day-to-day airline operations. The synthetic glide path for NPA

also drew high marks, being found valuable and significantly lowering

workload ("Operations," question 10). The MFD with synthetic glide path

helped mike a more precise approach. On the question of when to use the

MF), 8 out of 10 recommended its use for all approaches, and 6 out of 10

recommended against the optional selection of HFD or baseline.

On uxecutlng a go-around moneuver, all the pilots found the flight

director and the mdified go-around steering coeW.nd8 to be holpful.
The todified algorithm gave larger pitch cormando than were comfortable,

according to 4 out of 10, but seemed about right to the rest. Also,

some half of the pilots endorses the dtipla-y of angle of attack during a

go-around, but a significant number (4 out of 10) were uncertain about

this information.

The acceleration-margin concept vas heart ily endarsed, all pilots

agreeing that they would like to have the instrument in the cockpit and

that the light gave a t imev go-around warning. In using the instrument,
most () out of 10) tuaw it only o<<-asionally and tised It to VXmlitor the

need for thr,,-t .

Evalu~ation of the microprocessor-based alphanturric display (RED)

was not 4 o favorable. A =-ijoritv iudged It to be helpful ("Operations,"

question 12, and "Run Evaluntion Display," questions 5 and 6). All

pilots had it monitored by the copilot rather than watching it themselves.

The go-around advisory nessages were Judged to be the most useful of the

RED functions by most (8/10) pilots. Comments by two pilots were

enlightening: "RED was helpdul, but I couldn't absorb/digest the

Intelligence in the time exposure," and "I was toe bnsy with the new

instruvients to read the messages; also, I appreciated the wind information,

but depended on the first officer to reXay it to me." It was notable that

all the pilots stated that they would prefnr to be aided by "a black bo"

in making a go-around decision.
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VI TAKEOFF STUDY

A. Situation Simulated

The simulation scenario adopted for tle takeoff study was designed

to repreaent a normal, full-thrust takeoff with reference speeds based

on an aircraft gross weight of 375,000 lb and a 220 flap settirg. Air
densl tv and temperature condi t lons represented in the simulnt ion were

set for a sea sevel field elevation and a standard day. The runway was

IO by 10,400 feet and there were no visibility restrictions.

Five wind pro ilies were developed especially !or the takeoff tests

and are identified in Appendix A as profiles 11 through 15. The first

four prof iles are thunderstorm wind fields Lharacterized by a substantial

headwind .thearout during Lhe fltst 500 feet of the climbout. On three

of these thundrstor" shea.rs (proftiles 11, 1 t. and 14), the headwind

shearout Is .akco>mpan i, d by a dowudraft in ex ess of i0 kyats. The fifth

wind profile (No. V) represents a frontal shear, with a milder headwind

shearour occurring In combination with a dovndraft of less than 5 knots.

Takeiff sequen. e' were I,ilat ed from brake release with the air-

craft on the runwav ,entcrl ne. The ,subtect pilo t advanked Zhe throttles

to takeoff position where they were trimred for a 102X H) setting by the

"First Officer" (Fol in the right seat. The FO called out Vj (130 knots)

and VR (116 knotsz), and the pilot executed a normal rotation and cli ibout

following the rest procedure to be described In Section VI-C, below.

It. Svtes Tested

All takeoff sequnces were flown uting the Instrument panel config-

urat ion shown iii Figure 10 for the MFI/AA test system. However, the

only elemont of this test system considered appropriate to the takeoff

situation is the modified flight director pitch steering commands de-

veloped for go-around guidance (see description in Section II). The
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standard DC-10 pitch steering coumand for takeoff, which attempts to

stabilize the climbout at V-, + 10 (158 knots) and incorporates a minimum

angle-of-attack reference, was used as a baseline comparison system.

To obtain additional information on possible control strategies for

coping with the shear encounter on takeoff, two variations on the use of

the modif ied flight director and two vartat ions of the baselIne procedure

were tested. Te tour resulting Lest situations were defined as follows:

(1) Follow standard ix:-10 pitch sti eerfn& coimznd Immediately after
rotation; thil. is iii.;

(2) Vitch up to I5 at rotation and thereafzer attempt to establish
and autintain Vi T !0 by refereve to the airapeed indicator,
with no ,itch steerin. comnd available; hereafter referred

to s * o flight director" (.%OFI)):
(3) Follow the modlifled jit.h steeringcom and immediately after

rotation; hereafter referred to as "MP) at lift-off" (MPD);

(4) Vse il. procedure for rotation and initial climb and switch to
MPD when shear effects tire encountered; hereafter referred to
a" MPi opt ion (%4 T) opt) ,

C. Eva luat inl 1 an

The basic intent ,,f the takeot If study was to obtain additional data

on the et fects t the low-level shear encounter during the takeoff se-

quence and to confstian Informai eva ia ion of the differences, If any,

in .adopt !ng the fcur I tmb0,it -,ntrol strategies just described. Accord-

ingly, no tormtl experimental desifg, was developed and no special scoring

scheme for takeoff out coaes waq def I ned.

The "subject ,)ilots ftst this exerct,;e were the two Bunker-R.1amo

project pilotsz and an FAA pilot. These thrc,- pilots have had extensive

experience with the FAlA wind-shear program, havt participated in earlier

simulation studies, and were t horoughly fami liar wi h the wind-slbear

conditionz,. Fa'eh of these three pilots fl" (,,*::- s-run test series, one

for each of the alternative climbout control strategies. The evaluation

of takeoff nutcomes was thus based on a total of 60 data runs, and con-

trasts between r.lternative control strategies were based on 15 runs

using each technique.

84

r



Each session con. Isted of a brief training series on the selected

control tvchnique and then one data run for each of the five wind pro-

files. On HL And NOFD runs, the pilots made their best effort to get

through the shear without excessive altitude loss or crashing. When

either version of the MPD technique was used, the pilots attempted to
follow the steering comands as closely as possible so that an evaluation

of the effectiveness of the flight director could be obtained. In all

instances, takeoff power was Initially set at 102% of N1 , and when severe
shear effects were encountered the thiottles were advanced to an over-

boost condition of 113% of NI.

D. Results

The outcomes of the takeoff attempts through the five test shear

conditions were remarkably consistent for the three pilots and, for the

most part, showed little difference across the four control strategies.
Typical responses to the different shear conditions are illustrated in

Figures 28 and 29, The trace shown in Figure 28 for each wind profile

are strip-chart recordings obtained for the baseline procedure. Those

in Figure 29 are for a different pilot using the MPD at lift-off.

These traces show that encounters with t;e combined headwind shear-
out and Iow-level downdraft (profiles 13 and 14) were extremely hazardous

for both P,. and the test system. Crashes were recorded on all of the

test runs under these conditiosiv, On profile 11, the severest portion

of the d,%v:draft is encountered above 500 feet and, terrain permitting,

this shear night be survivable. Noteu, however, that a 500-foot loss of

altitude is typical for this shear condition, and the location of the

shear encounter relative to :errain features In the airport surroundings

would be a critical factor. Encounters with the milder thunderstorm

profile with no downdraft (profile 12) and with the frontal shear (pro-

file 15) were ,cmparatively benign; none of the pilots had any diffi-

culty climbing through these conditions using any of the four ccntrol

strategies.

A more complete assessment of the outcomes of these shear encounters

for each of the alternative control strategies is given in Table 15.
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Table 15

TABULATION OF TAKEOFF OUTCOMES FOR EACH TEST
SYSTEM AND CONTROL STRATEGY

~~Con trol1

Stra tegy

BI. NOFD MPD MPI) opt

Wind Profile

Number of crashes

W I1 i 0 0 0
WP 12 0 0 0 0
WP 13 3 2 3 3
WTI 14 3 2 3 3
WlI 15 0 0 0 0

Total 7 4 6 6

Meant Airspeed

Loss (kt)

WP 11 22 30 35 31
WP 12 13 14 13 12
WP 13 12 21 24 15
WP 14 14 24, 39 25
%.4* 15 14 11 9 13

Mean' Alt ttude

WT 11 477 530 213 553
WP 12 20 20 20 27
WTI 1 230 233 287 220
WP I 290 290 233 280
WTI 15 0 0 0 13

Mean Recovery
Altitude (ft)

WP 11 165 210 233 160
WP 12 240 250 193 223
VP 13 0 60 0 0
WP 14 0 0 0 0
VIP 15 * *

*Under these test conditions, cltmbout was accomplished

with no significant loss of altitude, so "recovery
altitude" Is not applicable.
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Summary data on takeoff outcomes are provided for four key flight situa--

tion parameters for each combination of wind-shear and control technique,

The "number of crashes" is self explanatory. Mean values of airspeed

loss, altitude loss, and recovery altitude are based on three runs for

each test condition--i.e., they are averaged across pilots.

The data indicate that crashes occurred on approximately one-third

of the takeoff aittempts (6 or 7 out of 20) for all test systems and con-

trol strategies except the "no flight director" (NOFD) condition. On

the NOFD runs, no flight director pitch steering was available and the

pilots attempted to trade airspeed for climn performance, down to stick

shaker, when the shear was encountered. This technique saved one of the

three takeolf attempts against both of the rxst hazardous shears (13 and

14), at;, thus reduced the overall crash rate to 20% (4 out, of 20).

In general, ,airspeed and altitude loss during the shear encounters

was about the same for the alternative control strategies for a given

wind profile. On profile 11, the average altitude loss using the MPD at

lift-off was substantally less than for tle other three techniques. A

slight trend toward bctter performance for the MPD Is also shown for the

more difficult profile 1f., but the differences were not enough to teduce

the relative number of crashe. the overall picture given 1)y the takeoff

outcome data, then. is that indil idual wind-shear ,.ffects were dominant

and that none of the aiding techniques tested could ccpe effectively with

the combined effects of a headwind shearout and downdrait during the

first 500 feet of the climbo:t.

"
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VII CONCLUSIONS AND RECOHENDATIONS

In this section, the major findings of the study are summarized

and related to the objectives of the test program. Since the primary

concern of the study was to demonstrate the potential operational per-

formance of the MFD/AA system, the presentation of conclusions siphasizes

the performance of that syetem and its component systems and features.

For a more complete presentation and discussion of the data supporting

this summary of test results, the reader is referred to the preceding

.s.ctions of the report.

Following the presentation of conclusions is a discussion of recon-

mendations relating to the interpretation of teat results, the need for

additional development of airborne systems, and reqatirements for further 4

development of test procedures for qualifying airborne wind-shear manage-

ment systems.

A. Conclusions

1. %FD/AA System Performance

App:oach outcome data for both the precision and non-precision

approach demonstrate a substantial and operationally significant in-

crease in tho safe management of low-level shear encounters when the

pilot-aiding features of the MFD/AA system are available. This system

produced within-limit touchdowns or successfully executed go-arounds on

all of the more hazardous high-severity shear encounters for the pre-

cision approach; on the non-precision approach this level of performance

was achieved on all but one of the high-severity shear encounters. In

contrast, unsafe approach outcomes were recorded for 40% of the high-

siverity shear encounters (8 out of 20) under baseline conditions for

thL precision approach, and for 30% of the non-precision approaches (6

out of 20) when baseliae procedures were used.
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Although approach outcomes on the low- and moderate-severity shears

were substantially better than baseline when the MFD/AA system was used,

Ehe overall level of performance on these less-hazardous shear ancounters

did not completely satisfy our criteria. Out-of-limit approach outcomes

were recorded on 17% of the precision approaches (5 out of 30) for low

and moderate shear conditions. However, an out-of-limit result was recorded

on only one of the 30 non-precision approaches for these shear conditions.

The comparative drop in overall MFD/AA system performance on the low and

moderate shears was due primarily to the go-arounds recorded for these

conditions. These go-arounds were successful, and operational safety

was not impaired. However, they were construed as demonstrating less-than-

perfect performnce of the go-around advisory feature of the test system.

2. Role of Go-Around Advisories and improved Climbout Guidance

The go-around advisories based on acceleration margin, and the

modified pitch steering provided for go-around guidance, are considered

to be the principal basis for the marked improvement in the safe manage-

ment of high-severity shear encounters that was deonstrated in this

study. Both the MFD/MA and the GNSIRED systems generated timely go-around

advisories on the most severe shears (profiles 4, 6, and 10) for all of

the precision approaches (and for all but two of the non-precision

approaches) and successful go-arounds were accomplished in every case.

On the less severe profile 5, no advisories were generated, and within-

limit landings were recorded for all of the encounters with this shear.

This finding contrasts sharply with the 571 success rate (8 out of 14)

for go-around attempts against the same shear conditions using the base-

line system.

With some exceptions, the go-around advisory system reliably dis-

tinguished the less hazardous low and moderately severe shears. However,

in the precision approach study advisories were generated on 17% of the

encounters with profile I (classified as "low" severity) and on 85% of

4 , :the encounters with profile 2 (classified as "moderate" severity). These

findings could be construed as representing a substantial "false" or

t"nuisance" alarm rate. However, the subject pilots were nearly unanimous
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in rejecting the approaches attempted under profile 2 conditions, due to

the excessive cross-wind that persisted to a very low altitude. Profile

I can be negotiated but has high shear rates at low altitude. We would

therefore conclude that the advisory system performed appropriately on

profile 2 and that a warning would be advisable on profile 1.

3. Performance of the Synthetic Glide Path

Approach outcomes on the non-precision approach, when the Collins-

" developed synthetic glide path technique was used, showed the same high

level of performance as that recorded on the precisi6n approach using

ILS guidanc4 and the modified flight director. An even greater improve-

ment over baseline system performance was recorded on low- and moderate-

severity shears. On the overall assessment of approach outcomes, the

MFD/4A system performance was very close to the highest expected score.

We concluded that the synthetic glide path technique, used in conjunctien

with the go-around guidance feature, was a critical factor in demonstrating

improved performance on the non-precision approach.

4. Pilot Aiding on Takeoff

The results of the takeoff study indicate that neither the standard

flight director nor the modified pitch iteering commands were effective

for coping with the more severe shear encounters occurring in the first
V 500 feet of the climbout. On shear encounters characterized by the

combined effects of a headwind loss and a downdraft in this altitude

range, ncne of the takeoff attempts were successful when any form of

pitch steering command was followed. A slight increase in the pilot's

ability to manage this type of shear encounter was recorded when pitch

steering commands were not used and the pilot nursed the aircraft through

the shear, trading off airspeed down to stick shaker speeds to avoid

ground contact. We conclude that none of the takeoff control strategies

tested conLribute in any substantial way to the low-level wind-shear

problems fcr takeoff operations.
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5. Pilot Evaluations

Subject pilot critiques of the test systems indicated a very high

positive acceptance of the aiding features tested and a positive assess-
I, men of their effectiveness and practical value for managing the low-

level shear encounter. Most of the pilots felt that the HFD/AA systen

represented a sound "solution" for the wind-shear problem or that it
had excellent potential. As in previous studies. the ground speed man-

agement and modified flight director steering were very highly regarded,

and their implementation in the airline cockpit for routine use was

* endorsed by all of the pilots.

The general assossment of tho go-around system was also positive,

in that all of the pilots accepted the advisories as valid, at least

most of the time, and they were unanimous in their acceptance of some

form of flight director assistance for the go-around maneuver. The

advisory light was judged to be more acceptable than the alphanumeric

readout (RED), although more than half of the pilots liked the additional

information available in the RFD display concept. As anticipated, pilot

reactions to the moving tape display were mixed, with less titan half of

them indicating a preference for this type of presentation.

B. Recommendations -n Instrunauntation

The aiding systems that showed a significant performance improvement

over baseline in wind shear required Instrumentation of certain aircraft

variables and wind components that ara not available in many current

aircraft. Certain other required quantities that are available in some

aircraft but not in others are not measured currently to the necessary

accuracy or with the required response time. Wind ahear is a dynamic

phenomenon, so the smoothing (or averaging) time of an instrument must

be chosen carefully to respood quickly enough without being so fast that

it is overexcited by turbulence. Of the quantities that are usually not

available or not measured adequately, the most important are discussed

in the following paragraphs.

94



MI

'1. Ground Speed

Speed over the ground, or (approximately the same) slant range rate
to the glide path intercept point on the runway, is a missing state

variable in many approaches and is needed for determination ol longitud-

inal wind at the airplane. As George J. Moussally has shown 10, the

significant factors in ground speed meaburement for coping with wind shear

are update time, accuracy, bias error, and smoothing time. It was assumed

here that the measurement will be made on-board the airplane so there

vill be no transmission delay. Figure 30 shows the relationship

RATE OF GRqOUND

SPEED UP'DATES

10 PER SECOND

-
w .- 7 PER SECOND

I PER SECOND
- 3

w COMBINATIONS TO THE LEFT
AND BELOW THE LIMIT LINES
ARE ACCEPTABLE

hr

k 2

0 1 2 3 4
SMOOTHING TIME-

FIGURE 30 SPECIFICATION LIMITS FOR GROUND SPEED MEASUREMENT
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between the acceptable values of rms random error, smothing time, and
update rate. Moussally also found that a bias error within the t5 krot

limits would be acceptable.

On other programs the FAA is conduc.ing research and development

projects on cost-effective techniqu . for airborne measurement of ground-

sp'ed that will meet the above specizications. We recommend that these

projects be continued to a successful conclusion and a demonstraton of

commercial feasibility. We also recmm,.:d that i,,.rumentation of ground

speed Lo the above specifications h mtie a requirement in any syusem for

coping with low-level wind shear.

2. Altitude and Altitude Rate

Reasonably accurate and responsive measurement of altitude above

the runway level is a requirement; in many cases, altitude above the

terra. under the approach path will do as well. The accuracy required

will of course depend on the visibility; in a visual-meteorological-

conditions non-precision approach to a 350-foot ceiling and 5000-foot

runway visual range (RVR), an rms error of 13 feet or less has beezi

found acceptable (App. B).

In the same way, an altitude rate measurement of good quality is

required for tight path-following and for timely response to changes in

vertical winds. Acceptable smoothing times have been founcd to be about

1.0 s (App. B). This is much lower than the smoothing times of many

vertical rate Instruments in current use, and in fact is comparable to

that of a modern instantaneous vertical indicator (IVSI). We recommend

that altitude and altitude rate measurements meeting these specifications

be required in any aiding system.

3. Runway Winds

The tests reported here support a firm requirement for accurate

knowledge of the winds on the runway; the along-runway component is

needed by algorithms such as the acceleration margin and the airspeed/
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ground-speed technique, ant the cross-wind component is needed to enable

the pilot to anticipato his lateral control action. On approach and

landing the wind readings are needed in the touchdown zone; on takeoff

they should be read at both the near and far ends of the runway. Because

the winds can change rapidly in wind-shear situations such as thunder-

storms, the data should be transmitted to the pilot with as little delay

as possible,9 certainly no greater than 1.5 minutes.

Mlasurement of winds at points on the runday is made difficult by

the occurrence of wake gusts from aircraft landing or taking off. On

other projects the FAA is developing and depicying at many airports an

array of ground-level wind sensors that will measure the winds at several

points of the airport turritory. It seems likely that winds at the

desired points on a runway can bu Qstimated with sufficient accuracy by

interpolating the readings of the multiple sensors. We recommend that

the FAA include an Investig.ation of this technique in its R&D program.

C. Recommendations on Aiding Systems

T1he MFD/A system performed well enough to be recoumended as a

solution to the wind-shear problem on approach and landing. We do not

mean to imply, of course, that HFD/AA is the only solution nor even that

it is the most economical solution. We can only say that it is the

system that has bQen found to work, and that the line of development we

took (starting with minimal changes to the DC-1O instrumentation and

introducing more complexity only when needed for improved performance)

implies that it should be reasonably cost effective.

Note that the MFD/AA system consists of four functional elements:

a programed speed pad when anticipating a head-wind loss (provided by

the !ast/Slow algorithm and thrust control procedure based on ground

speed), tight path control (provided by the modified flight director

steering), a go-around decisten aid (provided by the acceleration margin

computation), end a ainimuw-height-loss guidance aid for go-around

(provided by the modified go-around steering command on the flight

director). Even with all the simulator teuts nad analytical work that

have been done, it is not easy to assess the rflative merit of the
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individual functional elements. However, we have tested3 the speed

control and MR) without the go-around aids and have found the performance,

while better than baseline, not to be adequate. Therefore we recomend
: that any aiding system for wind shear include an effective form of go-
~around aid.

Perhaps the most lmportant thing to coe hahethe series of wind-

shear tests and experiment& is the design of' a practical and effective

experimental procedure for testing proposed aiding systems for approach

and landing. The procedure is that used in the precision approach and

non-precision approach tests reported here, and includes the following

ingredients:

A collection of realistic three-dimensional wind models of three
levels of severity. The wind field includes both shear and
turbulence (when eppropriate). and is programmed as functions of
altitude and displacement.

9 An airplane simulator of gooci quality with a good visual scene
generator. ln these turbulent and dyanmic wind conditions,
simulator motion is needed for fidelity and for providing the
pilot realistic c es. The airplane simulated is close to the
upper limit of thu. normal range of landing weight.

Participation of some 8 to 10 subject pilots, preferably with
experience In airline operations; the test results are averaged
across the pilots to compensate for different proficiencies.

9 Presentation of wind profiles and aiding systems to the subject
pilots is counterbalanced and randomized to compensate for
learning and fatigue.

* The training or familiarization runs include some wind profiles
with shear, but do not include the test profil.es.

A performance scoring method like that described in Appendix D
Is adopted.

Ve recoemend that a test of this type be prescribed for the qualifies-

tion of any candidate aiding system. The MFD/hA has, of course, passed

the test. To be considered successful, a candidate system should be

scired to show both a significant improvement (for example, a mean

soedifference of at least 4.5 using Appendix D) over conventional or

baseline approach management, and an ad-quate absolute level of perfotimnce

(for instance, a mean score of 6.0 or more).
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D. Recommendations on Takeoffs

The tests show that there a.e realistic wind-shear conditions that,

occurring on takeoff, exceed the aerodynamic and thrust capability of the

airplane. An attempt to make a normal takeoff in such a situation cannot

be retrieved by pilot action. The most appropriate recourses we have

found are to not attempt to take off at all, to take off in a different

direction, or to prulong the takeoff roll so that rotation will lift the

airplane off with 20 knots or more of excess airspeed. Either action,

in practice, requires advance notice (that is, prior to starting the

takeoff roll) of the wind-shear condition and location.

Such advance notice Is not easy to provide; if required to be based

on exact measurements, the instrumentation may well be prohibitively

expensive. Ho.,ever, there is a possibility that a useful warning could

be developed by comparing the ground-level winds at the near end of the

runway, the far end, and some farther point on an extension of the

runway centerline. These data could perhaps be obtained by processing

the readings of the wind-sensor arrays, mentioned above, that the FAA

is installing at many airports. The information should be transmitted

to the pilot with small delay, of course; 1.5 minutes would seem to be

the maximum acceptable.9 We reco-mend that the FAA continue examination

of the problem presented by wind shear on takeoff, and that analysis of

the feasibility of the warning based on ground-level wind data be included

in the investigation.
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Appendix A

DESCRIPTION OF WIND PROFILES

The first tepn diagrams in this appendix show the mean wind ccmponents,

as encountered on a 2' glide slope, for the approach wind profiles used
in these tests. The takeoff wind profile wind components, as encountered
.)n a 6" departure path, are shown in plots 11-15.

I. Mean Wind Specification

Each wind profile includes three wind components specified as a

function of both altitude and distance along track. Each component is

specified as a table lookup function with up to 21 altitude values and

up to 16 distance values with straight-line interpolation between points.

The altitude pol;:. are not equally spaced nor are they the same for each *

wind profile, althou$z, they are te same over all distance values of a

given profile. The maximu. amount of storage required for the mean wind

values is 3 x 21 x 16 - 1008 points.

2. Turbulence Specification

Turbulence parameters are included with each wind-shear profile.

W 'Six parameters (3 rm intensities and 3 scale lengths) are each specified

as a function of altitude using a table lookup function with up to 21

altitude values. The maximum amount of storage required for the turbulence

associated with a wind profile is 6 x 21 - 126 points. This brings the

maximum total storage for a wind profile with turbulence to 10.8 + 126 -

1134 points.

The turbulence models used are developed from the Dryden spectra.

Turbulence wind components are generated by feeding a rrndom, white,

zero aean, unit-variance input into a filter F(s). Transfer iunctions

are as follows:
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s LapLace transfom variable.

Basic sources and procedures used to develop thesa wind sodels have

been reported".
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Appendix B

SENSOR MODELS

Wind shear and its effects on aircraft are dynamic phenomena, so

the performance of an aiding device or instrumenr will depend on the

accuracy and dynamic behavior of the sensors that supply the information

on which the device operates. Accuracy can usually be assessed in a

simulation by including random noise terms. The fundamental parameters

governing dynamic response are time delay (or update time) and smoothing

time (or bandwidth). This appendix shows the models used in the DC-1O

simclator to accept the ideal computed values and produce simulated

measuring device outputs. The outputs of the sensor models drove the

corresponding instruments and displays used in the test.

The models are shown in block diagram form with the linear transfer

functions given in terms of Laplace transform with "s," the complex

frequency variable. It should be remarked that capacity limitations in

the simulation computer allowed no more than two independent random

number generators for simulation of noise terms.

The following variables were used directly-that isn, the "semsd"

quantity was identical to the ideal quantity computed for the simulated

airplane:

* Pitch angle, 0, positive up (deg)

* Longitudinl wind at near end of runway, V tailwind
positive (knots)

o Longitudinal wind at far end of runway, Vxfar' tailwind

positive (knots)

The following sensed quantitiea were computed by a Duglas model of a

3* ILS:
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* Glide slope deviation, AGS, positive high (deg)

* Localizer deviation, ALOC, positive right (deg).

The other quantities were computed as shown in the models depicted below.

Ground Speed:

° I sample and A GNS sensed

all hold for + A k os
,airplane O. 5 +sk os

longitudinal
~velocity

noise G GH GA ia a scale factor to give
random, white, GNS in knots! ? zero-mean, unit
er ance GGN is a scale factor to give

vrnc4 knots rms at imput to sue.

Note: This model for ground speed can represent a device such as a

measurement using phase comparison or Doppler shift of a tone modulated

onto one of the ILS carriers.

Heig t Above Ground:

~H R
:~ H sd

airplane altitude above ground (feet. + up)

GHR is a scale factor
, noise Ito give 13.2 foot

_-R- rw at input to
random, white, 0.5 a + 1 difference.zero-mean, unit

variance-

Note: This model is an approximate representation of the output of a

radio altimeter on approach over comparatively level terrain with

buildings positioned randomly (e.g., Denver, Colorado).
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Anitle of Attack:

G is a scale factor to give u in degrees.

True Airspeed:

GA is scale factor to give TAS in knot.

Vertical Velocity:

aircraft altitude rate 8 + 1 (ets p

CI is scale factor to give IIin ft/s.

Indicated Airs peed:

lAS GA LAS sensed

aircraft Indicated *+ I (knots)
airspeed

GA Is #calm factor to give LAS In knots.
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Appendix C

TECHNICAL DESCRIPTION OF RUN EVALUATION (MICROPROCESSOR) DISPLAY

A 20-character alphanumeric display was developed to provide informa-

tion on the runway winds and the winds at the aircraft, to give warning

* of high or low speed, and to advise a go-iround if the situation cAlled

for it. The operation of the unit and its set of messages are discussed

in Section III-H. This appendix gives a technical review of the display's

design and construction.

The message formats, the set of messages, and the algorithms were

designed by W. H. Foy (SRI) with the help of G. J. Houssally (SRI) and

W. 0. Nice (BR). The microprocessor programming and hardwre implementa-

tion work was led by H. G. Keenan and R. D. Daniel, with the support of

D. W. Ellis, J. H. Priedigkeit and C. E. Wischmeyer, all of SRI.

Figure C-I shows the hardware layout of the display and its associ-

ated equipment. The 12 analog data lines carried dc rignals from the

Sigma-5 simulation computer; the TOGA, "run reset" and "mission start"

lines were biriry logic signals also from the computer. The analor lines

were multiplexed, sampled, and converted to digital data words by the

A/D converter. A Motorola M6800 microprocessor was the central digital

processor that made the calculations and controlled the displays. With

it were a 2-kbyte read-and-wrYte memory (RAM) and four programmable read-

only-memory (PROM) chips each of 2 kbytes. The RAM held data values,

results of calculations, and message codes; the PRONs held the routineu

and constant quantities. The microprocessor output port drove the lines

to the two 20-zharacter display units.

The logic that governed the display operation is diagrammed in the

flowchart of Fig-re C-2, and the message types are stumarized in Table

C-1. At the start of an approach the airplane situation is calm, so

the displays show the NR-FAR message indicating runway winds. During
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Table C-1

MESSAGES ON RUN EVALUATION DISPLAY

Longitudinal winds along runway

NR HW 23K FAR TW IUK

Longitudinal wind shear 4

HW (or TW) DEC (or INC) SP LOSS (or GAIN) 33K/H

Vertical wind j
VERT W UPDRAFT (or DOWNDRAFT) 21K

Airspeed warning

SPEED HIGH FOR FLAPS

Go-around advisories (airplane before runway threshold)

GO ARND UNDERSHOOT

GO ARND ACCEL LACK

GO ARND OFF TO RIGHT (or LEFT)

GO ARIND SPEED LOW

Go-around advisories (airplane across runway threshold)

GO ARND OVERSHOOT .

GO ARND DESCENT RATE

the approach, if a go-around Is Indicated, the main loop is exited, the

appropriate G0-ARND essage is blinked until the pilot responds by push-

in& the TOGA button, and then the message is held until the approach is

terminated. If no go-around is advised, the routines test for "wind

warning indicated," and "speed high?"; if both these conditions occur,

the ISS switcrh (Figure C-2) causes the SPEED wessage or a wind warning

message to be put on the displays alternately on each pass around the

loop. W.en a wind warning is indicated, the routines display a VERT V

message if vertical winds greater than 5 knots are detected, or a HN(TW)

INC(DEC) message if longitudinal wind shear greater than 8 knots per

100 feet of altitude change is estimated; if both occur, the IWS switch

alternates the messages on the loop passes. In this way a GO-ARND con-

dition takes top priority, and a SPEED or VERT W or wind-shear warning
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will override the NR-FAR message. The main loop will be exited if the

run is terminated, indicated by a "run reset" signal.

Table C-2 lists the variables that were needed as inputs and the

various quantities that were computed in order to determine the appro-

priate message to be displayed.

Table C-2

QUANTITIES IN DISPLAY COMPUTATIONS

Inu ts

Pitch angle 0 positive up (deg)

Angle of attack a positive up (deg)

True airspeed TAS (knots)

Ground speed GNS (knots)

Altitude above runway H positive up (feet)

Vertical velocity H positive up (feet/u)

Longitudinal wind at runway near end VWXgnd positive tailwind (knots)

Longitudinal wind at runway far end VWXfar positive tailwind (knots)

ILocalizer deviation LALOC positive to right (deg)A

Longitudinal displacement X positive in direction of -AA
approach, X - 0 at glidepath
intercept (feet)

" Acceleration demand Aem (knots/a)

j Indicated airspeed IAS (knots)

Constants

Air density p (slug/f ot 3 )

I Acceleration of gravity go (feet/s2)

Runway length 1r (feet) A

-4ominal glideslope at ile GSA (deg)

Weiglt of airplone W (lb)

Reference wing area S (feeti'

Drag coefficients CDM CyREF

1,19

1!9 .

-: I



Table C-2 (Concluded)

Lift coefficients CI., Ca, CLj

Maximum available thrust Tm (ib)

Computed quantities

Air-mass flight-path angle ya (dog)

Longitudinal wind at airplane VWX (knots, + tailwind)

Vertical wind at airplane VWh (knots, + up)

Estimated height losw on go-around 6118o (feet)

Distance to stop on runway AXrun (feet)

Acceleration margin AA (knots/s)

Clearance altitude ttobs (feet)

Allowable descent rate at landing Vfjh (feet/8)

Longitudinal wind shear AVw (knots/foot)

The calculatiors may be summarized as follows:

* General--winds

ya O-

V - (GNS) - (TAS) co8 y

V - I - (TAS) sin a
v X  - V W a n d

V- deeven on 1,1t, ,W,

Estimated height loss on go-around
-H approximation dependent on H, TAS, Vw W, T. ;l

go F
developed from the differential equations of motion.

e Distance from preaent position to touchdown (past runway
threshold)

I(GS4 when i <- 1

I H(M1S) when 0 >1>-'XTD T

+ + ) (GNS) when l> 0.
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a Distance from prevent position to stop on runway

Arn TD + stop

with AXstop - the wet-rurday stopping distance, dependent on

GNS, VWX nd , VWX far' W, and p; developed from straight-line

interpolations in the table of braking distances.

* Acceleration margin

AA - Aca p -Ado m

with A - 1.0 knots/s.
cap

* Minimum clearance altitude

(-X - 1750) tan 1.150 if x <- 1750

0 if x > - 1750

where X - -1000 feet is the runway threshold.

* Maximum safe descent rate (past runway threshold)

V fh -VITO 8 (i1)

When these quantities were computed, the program was then ready to test

for the £ollo 'ing alarm and warning conditions:

a Go-around alarm-If the airplane is before runway threshold
(X < - 1000), count the indicated GO AtND alarm condition when:

H - AH o < H + 40 Undershoot

AA < 0 Acceleration lack

ALOC > 0.32* Off to right
ALOC < - 0.i2" Off to left

LAS < 116 knots speed low.

If the a-Irplane has crossed the runway threshold (X )_- 1000),
count the indicated GO ARND alarm condition when:

X + Xrun +1000 > 1 - 300 Overshoot

H < - Vfh Descent rate.

* Wind warning--Generate a wind warning with the indicated
message when:

I AVI > 0.08 knots/ft HW (or TW) shear

> 5 knots Vertical wind.
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a Airspeed warning--Generate a SPEED HIGH message when;

IAS > 170 '-iots Speed high for flaps.

These tests contained several "alarm limits" and "safety may-gins" that

depend on the characteristics of the simulated DC-10 airplane and were

chosen empirically. Some analytical work would be required if this

display were to be adapted to another type of aircraft.

As usual in a microprocessor job, writing the program code con-

stituted a major part of the effort. The H6800 is organized to handle

8-bit bytes. An 8-bit input data aample could fit in one byte, but

many more significant bits were required to get the necessary accuracy

in the intermediate calculations. Theref.re a special floating point

data-word format was used: one byte held the exponent and the next

byte held the mantissa. Special mathematical routines were Uritten to

manipulate these data words. Various message formatting, input/output

and computation routines were also required. In all, the programing

effort involved writing and checking out gome 59 separate routines, as

listed in Table C-3. Much of this program development was done on a

time-sharing computer service that provided an M6800 development package.

The Justification for undertaking this development is that the

programIming job is a one-time task. With it completed, the cost of

any additional display unit is the cost of the hardware only. As Table

C-4 shows, the hardware In the rmicroprocessor display unit for the

L simulator came to a total of 215b.
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fTable C-3

MICROPROCESSOR PROGRAMS

Name Purpose I umber

Executive and Computational Routines

FXEC Executive routine foT run evaluation display 240

WSTST Test for wind shear and vertical ,inds 227

GACUND Test for go-around because of undershoot 79

GACACC Test for go-around due to acceleration margin 244

GACR Test for go-around due to right deviation 46

GACL Test for go-around due to left deviation 46

GACSPD Test for go-around due to low airspeed 46

GACOVR Test for go-around due to predicted overshoot 102

GACDRT Test for go-around due to high descent rate 63

GAFGST Set flags for the go-around conditions 9

ASTEST Test for airspeed too high for flaps 33

YLGCLR Clear all condition flags 31

INCAL Initialize flags, messages, and computations 30

XlX Compute distance from runway threshold 61

NFWIND Put the variable numbers into NR-FAR message 57

KTOFS Convert knots to feet per second 15

SLCON Store constants for the landing situation 48

GAVAL Issue go-around advisory only after three consecu- 15
tive alarms

WINDi Select proper wind shear message 49

CONVXC Convert X-coarse input to floated number 39

GORNDM Select proper go-around message 55
STEXP Store exponents for A/D conversions 32

INS4 xecute 4 consecutive INS instructions 33

SLIM Store constants for test limits 20

GENCAL Compute Ya, vertical. wind and wind shear 210

LA'DCO Compute distance to stop, clearance altitude, maxi- 328
Imum descent rate
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Table C-3 (Continued)

Number
Name Purpose of Bytes

HLGAM Compute height loss on a go-around 881

XSTOP Compute stopping roll distance on runway 283

Input/Output Routines

OCINIT Initialize for character output 10

OCDISP Put out a 20-character message to displays 63

OCCLD Clear the characters of the displays 13

OCRITE Pass alphanumeric characters to displays 14

DLYlS Delay for 1 s 16

DIOOMS Delay for 100 ms 13

DLYIMS Delay for I ma 8

TOGA Service the TOGA interrupt 5

ATOD Accept inputs from A/D converter 67

MISIHN Service the mission-start interrupt and set flag 7

EXLOAD Transfer exponent file from ROM to RAM 38

ASDID Add bias values to the inputs 99

?SGF Store the characters for the messages 340

KLOAD Transfer message file from ROM to RAM 38

HXDSP Put 2 hex characters from A register on display 43

MSAME Check current message to see if different from 39
last

DIAG Diagnostic routine for the display 155

DUMP Dump the memory on the display 63

VECT Store the reset and interrupt vectors 8

Hnthematical Routines

ADSUB Add or subtract two 16-bit fixed-point numbers 77

ABS Tke absolute value of 16-bit fixed-point number 65

FPMMLT Floating-point-multiply two floated numbers 215

FPADS Add/Subtract two floated numbers 148

SINTAN Compute sine and tangent for a floated number 77

I- XNV Invert a floated number, I/X 125
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Table C-3 (Concluded)

NumberName Purpose of Bytes

SQRT Take the square root of a floated number 181

* FPNOR Normalize an unnormalized floated number 95

FPCMP Compare two floated numbers 42

* COSDEG Compute the cosine of a floated number in degrees 85

ARCTAN Convert an arctangent to degrees 60

FP21l Convert floated number to a 1-byte positive 23
integer

12AS2 Convert a 1-byte positive integer to ASCII code 35

Table C-4

LIST OF MATERIAL IN DISPLAY

Item Number Unit Cost Amount

Intel Corp.
2716 EPR OM 4 62.50
2114 RAM 2 35.00 70.00

Burr-Brown Research Corp.
MP4216 A/D card 1 195.00 195.00

Pro-Log Corp.
PLS-868 microcomputer card 1 265.00 265.00
CR-5A card cage 1 72.00 72.00

P562 utility card 1 22.50 22.50
P560 card extender 1 31.50 31.50

Digital Electronics Corp.
DE/320 alphanumeric display 2 350.00 700.00

Abbott Laboratories
• Z5T10 power supply 1 250.00 250.00

Power supply ± 15 volts 1 50.00 50.00

Misc. hardware and parts 250.00

Total $2156.00
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Appendix D

APPROACH AD lANDING PERFORMANCE SCORING

Evaluation of the pkrformance of any system offered as an aid to

the pilot in coping with 'ind shear is a complex matter. Any objective

measure applied to simulation runs will be influenced by pilot profici-

ency as well as system utility, so the evaluator must average over

several pilots. Each simulated approach can end with a touchdown or a

go-around, and the merit of these responses will depend on the situation

-- the system/pilot should be able to make a successful landing when the

wind shear is of low severity, but a go-around is appropriate with a

high-severity profile. However, it would surely be an unrealistic and

inept exercise to test against high-severity winds only, and let the

system/pilot make nothing but go-arounds. Further, it has appeared in

previous wind-shear simulation trials that the most difficult situation

for a go-around advisory subsystem is presented by a wind-shear profile

of moderate severity. Thus it follows that the test should include a

mix of wind profile severities, and system performance should be marked

down for go-arounds on low and moderate profiles.

With these considerations we designed a test for each system/pilot

that involved two low-severity profiles, one moderate and two high, A

system performance score, ranging in value from +10 to -10 points, was

assigned to each data run in accordance with the scheme presented in

Table D-1. Note that four possible approach outcomes are di3tinguished

and that the number of points ass.gned to each outcome i, determined by

the severity of the wind-shear profile and the action of the go-around

advisory system. A fully acceptable outcome, earning 10 points, was

recorded for either a within-limit landing, when no go-around advisory

was displayed, or for any successful go-around against a high-severity I
shear. Less than 10 points were earned for successful go-around* on
low and moderate severity shears because these conditions have been
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Table D-1

SYSTEM PERFORMANCE SCORES FOR ALTERNATIVE
APPROACH OUTCOMES AND WIND-SHEAR SEVERITY LEVELS

Approach Outcome Wind Shear Severity

Low Moderate High 4

No go-around advisory
-Touchdown within limits* +I0 +10 +10

-Touchdown outside limits -10 -10 -10
-Successful go-around - 5 + 2 +10
-Unsuccessful go-aroundt -10 -10 -10

Go-around advisory
-Touchdown within limits + 4
-Touchdown outside limits 4 4
-Successful go-around - 5 + 2 +10
-Unsuccessful go-around -10 -10 -10

*Touchdown limits are given in Table D-2.

tAircraft contacts ground during go-around attempt

(not within touclhc'wn limits).

tInvalid run because contrary to test procedure;
event recorded for consideration as "false"
advisory. Run was repeated.

shomn to be negotiable by most pilots in earlier simulation studies; in

effect, the system is penalized for unnecessary go-around advisories or

"nuisance alarms."

Out-of-limit landings and unsuccessful go-arounds were regarded as
very hazardous outcomes or outright crashes and were assigned a score

of -10. An unsuccessful go-around was recorded when the aircraft

contacted the ground during the attempt; this condition does not include

go-arounds converted to a successful landing (within-limit touchdown)

or safe touch-and-go maneuvers. The baseline system did not have a

mechanism for advising go-around, so its runs were scored with only the
"no advisory" part of Table D-1. The aiding systems tested did include

go-around advisories and the pilot was asked always to execute a
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go-around when advised; if he did not, the run was not scored and was

repeated. The circumstance where the aiding system did not issue a go-

around advisory but the pilot decided to go around is somewhat anomalous

--is it a system failure ("missed alarm") or is it due to poor approach

management? As it turned out. this condition did not occur, so the

question did not have to be answered.

The limiting values on airplane touchdown position, velocities, and

attitude taken to define "within-limit" landings are given in Table D-2.

All these are related directly to DC-10 landing specifications, with one

exception--the DC-10 limit on touchdown descent rate is 10 feet/s while

the limit we used was 14. This change was made because experience in

the simulator showed that hard landings occurred much more often, even

with no wind, than would be expected in actual operations. The high-

descent-rate landing would appear to be an artifact of the simulation

and its visual scene.

Table D-2

LANDING OUTCOME--TESTS FOR WITHIN LIMITS

Touchdown position

Across runway threshold
Touchdown before computed stopping distance predicted
overshoot for far end of runway

Lateral deviation from centerline: + 50 feet

Touchdown velocities
Rate of descent: < 14 feet/s
Lateral speed: < 15 feet/s

Touchdown attitude

Pitch angle: < 13 deg, > 0 deg
Roll angle: + 9 deg
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Appendix E

PRECISION-APPROACH TEST: QUESTIONNAIRES AND
RESULTS FOR TEN SUBJECT PIL.'S

GENERAL

1. For baseline, do you consider that it will solve the wind shear

problem?

No solution 5
Basis for potential solution 5
Solution 0

2. For systems 4 and 6, asauming that each can be implemented at

reasonable cost, do you consider thar it will solve the wind shear

problem?

4 6
MFD/AA GNS/RED

No Sotution 0 0
Basis for potent.ial solution 8 7
Solution 2 2
Uncertain 0 1

3. 1 think the wind shear profles used in the siulation were:

About right 4
Very realistic 5
Much too severe 1
I have nev-er seen anything like then 0

4. Was the simulation:

Very good 4
Good 6
Poor 0
C,..apletely unrealistic 0

5. Have you ever used vertical tape type instruments before7

Yes 6

No 4
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6. If I could choose I would have:

Vertical tape instruments 4
Dial needle type instruments 6

GROUND SPEED

1. Would you like to know your ground speed on final approach?

Yes 10
No 0
Don't care 0

2. As far as I am concerned I think the ground speed concept for
aiding in detecting and flying in or avoiding wind shear should
be:

Taught to all pilots 10
Forgotten 0

3. Do you believe the concept of flying a minimum ground speed as
well as a minimum indicated speed is? t

Excellent 9
No good 0
Neutral 1

4. After some experieuce with the two-needle display do you consider
it:

Practical 10

Impractical 0
Nuisonce 0

5. Did the two-needle display ever confuse you?

Yes 2
No 8

6. Which presentation of ground speed did you prefer?

Two needle 7
Kollsman vertical tape 3
None 0
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7. The autom.ted dual referenced F/S used in these ground speed
experiwent3s is

Greatest thing since Cracker Jack 6Hep t ie 4
Is of no value 0

FAST/SLOW

1. Hy airline has the F/S system in some of itsi planes.

Yes 9
NO 0
Uncertain 1

2. When I have a working F/S on my ADI I use it:

As my primary speed control 3
Use it secondarily to the lAS 6
Uncertain 1

3. Hy opinion of the normal F/S indicator is:

Think it is excellent 8
Never use it even when available 0
Think it is superfluous 0
Uncertain2

4. Having the speed control on the ADI such as you have used here is:

Excellent idea 8
OK I
No value 0
Uncertain 1

MODIFIED FLIGHT DIRECTOR

I In rwy opinion tho modified flighit director as compared with the

standard flight director is:

Better 10
Worse 0
Save 0
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Z'. Flying thp ipproaches in the mst severe conditioti would you
rather have the:

HFD 9
Standard 70

3. In your opinion did tt; pLtch bar on the iV5. call for artLioq that
you constder unuafe?

No 10

4. Were you nble to fly this MD us prec",sely az you would like?

Yes 5
N 4
Uncertain I

5. 1 would like to have the wtdified flight director in my airplana.

Never 0
At all tiqes' 4

Only for tough tur bulent approaches 5
Uncertain l

6. Is the Batik steering bar on the MFD too active?

Yes 1

No 9

?. Is the pitch bar on the MFD too active?

Yes 3
No 7

8. Was the MFD smooth enough to be used In airline day to day

operation?

Yes 6
No 3
Uncertain 2

I, would like to have a switch that allowed me the option to ut

or not tree the MFD

Yes 7

Uncertain 2
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'r I10. Did it help you to make a more precise approach?

Yes ij
~No 0

GO-AROUNDI. Hlow far below your reference or V2 speed do you feel you can

safev go to effect a satisfactory go Around?

I 5 knots 0
10t knots 3
1 5 knots I

S20 knots 0
,Stick shaker 6

None at all 0

2. The pitch angle required to satisfy the FD during the aided go-

arounds was:

Much greater than I would normally use 2
Seemed about right 5
Somewhat greater than I felt comfortable with 1
Uncertain 2

3. 1 think knowing the status of my AOA as displayed on the F/S

during go-arounds:

[o very important 6

Nice supplementary information I
Not important to me 0° Unce rta in3

4. The AOA displayed on the F/5 to aid you in the go-arounds was:

Very helpful 4

Helped sonewhat 2
Of no value 0
Uncertain 4

5. In general, I i.ke having the FD help me perform the go-around

maneuver.

Yes 10
No 0
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6. The modified go-around command on the pitch steering bar was:

Very helpful 10
Htelped somewhat 0

Didn't help 0

ACCELERATION HARGIN

1. Did you believe the acceleration margin light:

All of the timi- 3
Host of the time 7
Some of the time 0
Not at all 0

. uhe acceleration mrrgin is a good clue to power needs.

Yes 9
No A

3. The acceleration margin instrument was

Eaisily within my scan 5
Saw it only occasionally 5
Wabn't able to use it 0

4. 1 used the acceleration mrgin s~cale to

Monitor thrust needs 9
As a thrust control instruryunt 0

Didn't use it 1

5. The acceleration margin light cot~anded a go-around:

Too soon 0

Soon enough 9
Too late 0
Uncertain I

6. 1 would like to have an acceleration margin instrument in my

cockpit.

Yes 8
No 1

Uncertain I
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1. The bestRUN EVALUATIMt DISMLAY

1. Th batinformtion gvntmeby the RED was:

Windshea inormaion 0
Groud wid inormaion 5

Sedin formation 0
G-rudadvisories 5

2. How did you use this display?

Had it monitored by the 1st officer 9
Watched it myself 0
Paid no attention to it 0
Uncertain 1

3. The best thing aibout this display was:

Information about the winds 1
Advising me to go around 8
Uncertain I.

Fl4. When it comes time to abandon any *pproach I would prefer:

To be aided in my decision by a black box 6
Pr?ter my own interpretation from standard instruments 1
Uncertain 3

5. 1 would like to have the RED Display in my plane:

Yes 6
NIo 2
Uncertain 2

t6. The RE~D Display was:

Very helpful 2
Helpful at times 7
Distracting 0
Uncertain 1
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. ' Appendix F

NON-PRECIStON APPROACH TEST: QUESTIONNAIRES AND

~RESULTS FOR TEN SUBJECT PILOTS

~OPERATIONS

1. Rate the di.fficulty of executing non-precision approaches (NPA)

compared to precision approaches:

- EASY1 2 3 4 5 6 7 8 9 10

-Non-Precision 3 2 1 112 1I2. Approximtely how many NPA's did you make in 1978?

AOrcraft 17.5 (average)
IRSSimulator 4.5 (average)

;3. If you had a choice, whichi type NPA would you select:

Novria"giac Remarks: This was a bad
-- No lateral guidance 0 u

OUnc r a in 7 us tion.

4. During normal operations, do you use sour FD to its full

~capability %.n NPA?

U IlUsai ! y 6
: Always 3

SNever

5. Mien executinR XPA, what is the saximuth rate of descent you will

I tolerate between out marker and 'MDA?

c d2000 f t/min I

-1500 3
.1200 4

lonO 2
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6. Do you try to reach MDA well before MAP?

Yes 9
No 0
Uncertain 1

7. The most difficult phase of NPA is:

Preparation p.Aor to descent fix (checklist, speed *1
reduction, flap extension, etc.) I

Descent from fix to MDA 1
Maintaining altitude at HDA while approaching VDP

or MAP 3
Landing maneuv,'r after runway is sighted 5

8. Which of the following if toost critical in NPA:

Preparation prior to descent fix 1
Speed control 0
Altitude contcol 4
Landing maneuver 5

9. Rate the f*Ilowing in order of importance in flying NPA:

Visual deaceiat point 1.94 (average)
VASI 1.94 (average)
Flight director 2.11 (average)

10. Your opinion of the synthetic glide slope, please:

Extremely valuable 3
Of some assistance 0
Lessened workload appreciably 4

k Turned NPA into precision approach 3
Had no confidence in it 0

11. Would you Ilke to have the acceleration margin gauge and light

during line operations?

Yes 10
No 0

12. Was the Run Evaluation Display helpful during NPA?

No I
Very little value, increases workload 1
Not enough training 1
Somewhat i
Yes, when data called out by copilot 3
Yes 3

140



IJ
GENERAL

1, For baseline, do you consider that it will solve the wind shear 9

problem?

No solution 6
Basis for potential solution 4
Solution 0

2. For system A and B or C, assuming that each can be implemented

at reasonable cost, do you consider that it will solve the wind

shear problem?

j
A BorC

MFD/tiA GNS/ttF/R

No solution 1 1
Basis for potential solution 5 6
Solution 3 2
Uncertain 1 1

3. 1 think the wind shear profiles used in the simulation wre:

About right 3
Very realistic 6
Much too severe 0
1 have never seen anything like them 1

4. Was the simulation

Very good 6
Good 4
Poor 0
Completely unrealistic 0

5. Have you ever used vertical tape type instruments before?

SYes 4

No 6

6. If I could choose I would have

Vertical tape instruments 3
Dial needle type instruments 5
Uncertain 2
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GROUND SPEED

1. Would you like to know your ground speed on final approach?

Yes 10
No 0
Don't care 0

2. Ab far as I am concerned I think the ground speed concept for

aiding in detecting and flying in or avoiding wind shear should be:

Taught to all pilots 10
Forgotten 0

3. Do you believe the concept of flying a minimum ground speed as

well as a minimum indicated opeed is:

Excellent 10
No good 0
Ne ut ral 0

4. After some experience with the two-needle display do you consider
it?

Practical 9
Impractical 0
Nuisance 0
Uncertain I

5. Did the two-needle display ever confuse you?

Yes I
No 8
Uncertain I

6. Which presentation of ground speed did you prefer?

Two-need le 5
Kotlsaman vertical tape i
None 0

7. The automated dual referenced F/S used in these ground speed

experiments is:

Greatest: thing since Cracker Jack 5
Helps at times 5
Of no value 0
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4Iv -FT/SLOW

1. My airline has the F/S system in some of its planes.

Yea 10
No 0

2. When I have a working F/S on my ADI I use it:

As my primary speed control 6
Use it secondarily to the IAS 4

3. My opinion of the normal F/S indicator is:

Think it is excellent 9
Never use it even when available 0
Think it is superfluous 0
OK as backup 1

I.. Having the speed control on the ADI such as you have used here is:

Excellent idea 9
OK 1
No value 0

MODIFIED FLIGHT DIRECTOR

I. In my opinion the modified flight director as compared with the

standard flight director is:

Better 10
Worse 0
Same 0

2. Flying the approaches in the most severe conditions would you

rather have the:

MFD 10

Standard FD 0

3. In your opinion did the pitch bar on the MFD call for action that

you consider unsafe?

Yes 0
No 10

143

41-

i~iz: J



4. Were you able to fly this MFD as precisely as you would like?

Yes 7
No 3

5. I would like to have the modified flight director in my airplane.

Never 0
At all times 8
Only for tough turbulent approaches 1
Uncertain 1

6. Is the Bank steering bar on the MrD too active?

Yes I
No 9

7. Is the pitch bar on the MFD too active?

Yes 0
No 10

8. Was the MFD smooth enough to be used in airline day-to-day

operation?

Yes 9
No I

9. I would like to have a switch that allowed me the option to use

or not se the MFD.

Yes 4
No 6

10. Did It help you to make a more precise approach?

Yes 10
No 0

GO-AROUND

1. How far below your reference or V2 speed do you feel you can safely

go to effect a satisfactury go-around?

5 knots 0
10 knots 2
15 knots 2
20 knots 0
Stick shaker 6
None at all 0
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2. The pitch angle required to satisfy the FD during the aided go-

arounds was:

Much greater than I would normally use 2
Seemed about right b
Somewhat greater than I felt comfortable with 2

3. I think knowing the status of my AOA as displayed on the F/S du-ing
* go-a rounds :

Is very important 4
Nice supplementary information 2
Not important to me 0

Uncertain 4

4. The AOA displayed on the F/S to aid you in the go-arounds was:

Very helpful 4

Helped somewhat I
Of no value 1
Uncertain 4

5. In general, I like having the FD help me. perform the go-arcund

maneuver.

Yes 10
No 0

6. The modified go-around cormand on the pitch steering bar was:t

Very helpful 9

Helped somewhat I
Didn't help 0

ACCELERATION MARGIN

i. Did you believe the acceleration margin light:

All of the time 7
Most of the time 3
Some of the time 0
Not at all 0

2. The acceleration margin is a good clue to power teeds. J
Yes 10

No 0
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3. The acceleratlon, margin instrument was:

Easily within my scan 3
Saw it only occasionally 7
Wasn't able to use it 0

4. 1 used the acceleration margin scale to:

Monitor thrust needs 7
As a thrust control instrument 1
Didn't use it 0
Anticipate the needs 2

5. The acceleration margin light commanded a go-around:

Too soon
Soon enough 10
Too late 0

6. 1 would like to have tn %cceleration margin instrument in my cockpit.

Yes 10
No 0

RUN EVALUATION DISPLAY

1. The best information given to me by the RED was:

Wind sheer information 0
Ground wind information I
Speed information 1
Go-around advisories 8

2. How did you use this display?

Had it monitored by the 1st officer 10
Watched it myself 0
Paid no attention to it 0

3. The best thing about this display was:

Information about the winds 1
Advising me to go-around 9

4. When it comes time to abandon any approach I would prefer:

To be aided in my decision by a black box 10
Prefer my oitn interpretation from standard instruments 0
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5. 1 vould like to have the RED Display 'In my plane.

Yes 5
No 2
Uncertain 3

6. The RED Display was

Very helpful 4
Helpful at times 4

rDistracting 1

jUncertain 1
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Appendix G

TABULATION OF NUMBER OF APPROACH-AND-LANDING OUTCOMES

Go-Arounds 100-ft Window Touchdown
Approach and Success- Unsuc- In- Out-of- In- Out-of- Total

Severity ful cessful Limits Limits Limits Limits Runs

Precision
Approach

BL

Low Severity 7 -- 8 5 7 6 20

Moderate 7 -- 3 -- 1 2 10

High Severity 8 6 3 3 3 3 20

HFn/AA

Low Severity 2 -- 18 -- 14 4 20

Moderate 5 -- 4 1 4 1 10

High Severity 17 -- 2 1 3 -- 20

GNS/RED

Low Severity 9 -- 8 3 8 3 20

Moderate 4 -- 2 4 2 4 10

High Severity 15 -- 2 3 2 3 20

Non-Precision
Approach

BLLow Severity 11 3 6 6 3 20

M oderate 5 -- 1 4 3 2 10

H1igh Severity 9 3 2 6 6 2 20

Low Severity 5 -- 14 1 14 1 20
Moderate 5 3231MoeaeS-- 3 2 5 -- 10

High Severity 15 1 4 -- 4 - 20

L-.- Severity 7 -- 5 4 7 2 16

Moderate 1 -- 5 2 4 3 8

High Severity 7 - 2 8 A
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